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NOMENCLATURE 

h e a t  t r a n s f e r  a r e a  

f l u i d  f low a r e a  

l o c a l  a r e a  r a t i o  of t h r u s t  chamber 

a c c e l e r a t i o n  

dimensionless  c o n s t a n t  c h a r a c t e r i z i n g  a  c a p i l l a r y  s t r u c t u r e ,  
10-20 f o r  r e a l i s t i c  geometr ies  

c o r r e l a t i o n  c o e f f i c i e n t  

s p e c i f i c  h e a t  of l i q u i d  

s p e c i f i c  h e a t  of t h e  vapor 

l o c a l  t h r u s t  chamber diameter  

d iamete r  

t h r u s t ,  Ib f  
b l a c k  body shape  f a c t o r  from t h e  t h r u s t  chamber i n t e r i o r  t o  
space .  (An average v a l u e  of 0.285 was used) .  

b a r r i e r  c o o l i n g  f r a c t u r e  

g r a v i t a t i o n a l  c o n s t a n t  

t r a n s p o r t  p r o p e r t y  c o r r e c t i o n  f a c t o r  

r e p r e s e n t s  one of s e v e r a l  s m a l l  a x i a l  e lements  

gas-s ide  h e a t  t r a n s f e r  c o e f f i c i e n t  

r e p r e s e n t s  one of s e v e r a l  s m a l l  a x i a l  elements 

p e r m e a b i l i t y  

the rmal  c o n d u c t i v i t y  

h e a t  p i p e  l e n g t h  

f low l e n g t h  between evapora to r  midpoint  and condenser midpoint  

volume upstream of n o z z l e  t h r o a t l t h r o a t  a r e a  

l i q u i d  f i g u r e  of m e r i t  

N u s s e l t  number 

p r e s s u r e  

P r a n d t l  number = u C /k 
P 

Chamber p r e s s u r e ,  p s i a  

n e t  p r e s s u r e  d i f f e r e n c e  a c r o s s  l i q u i d  meniscus i n  e v a p o r a t o r  
and condenser wicks 
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NOMENCLATURE (con t . ) 

p r e s s u r e  l o s s  i n  l i q u i d  flow 

p r e s s u r e  l o s s  i n  vapor  flow 

a c c e l e r a t i o n  p r e s s u r e  head 

t o t a l  h e a t  t r a n s f e r  r a t e  

convect ive-heat  t r a n s f e r  r a t e  

FEOA T~~~ = r a d i a n t  h e a t  t r a n s f e r  through t h e  n o z z l e  e x i t  

h e a t  f l u x  

meniscus r a d i u s  of c u r v a t u r e  

a x i a l  flow Reynolds number = p V D /p 
C 

r a d i a l  flow Reynolds number (de f ined  i n  S e c t i o n  I I , B )  

e q u i v a l e n t  p o r e  r a d i u s  

bubble  r a d i u s  

S t a n t o n  number = h /p V C 
g  P  

t empera tu re  

f i l m  c o o l a n t  t empera tu re  

a d i a b a t i c  w a l l  t empera tu re  

c r i t i c a l  t empera tu re  = 522OR f o r  B H and 387"R f o r  OF2 
2 6 

i n l e t  f i l m  c o o l a n t  temperature  (assumed e q u a l  t o  T s a t  ) 

h e a t  p i p e  t empera tu re  

s a t u r a t i o n  t empera tu re  

t h i c k n e s s  

w a l l  s u p e r h e a t  o r  excess  temperature  over  t h e  l o c a l  b o i l i n g  
p o i n t  

subcool ing  

v e l o c i t y  

mass f low r a t e  

d i s t a n c e  a l o n g  t h r u s t  chamber w a l l  downstream of t h e  l i q u i d  
f i l m  cooled l e n g t h  

h e a t  p i p e  l e n g t h  
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NOMENCLATURE (con t . j 

GREEK LETTERS 

- - e m i s s i v i t y ,  assumed t o  b e  0.8 

- - s u r f a c e  t e n s i o n  o r  Stephan-Boltzmann c o n s t a n t  

- - a n g l e  o f  h e a t  p i p e  a x i s  w i t h  d i r e c t i o n  of g r a v i t y  

- - d e n s i t y  

- - w e t t i n g  a n g l e  

- - v i s c o s i t y  

- - q u a l i t y  

SUBSCRIPTS 

b u l k  t empera tu re  

condenser 

e v a p o r a t o r  

f i l m  c o o l a n t  

f r e e  stream 

l i q u i d  f i l m  cooled r e g i o n  

l i q u i d  

normal b o i l i n g  p o i n t  

s i n g l e  phase  

vapor  

w a l l  c o n d i t i o n  

i n s i d e  

o u t s i d e  
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I. INTRODUCTION 

Very h i g h  the rmal  conductance ,  h e a t  f l u x  a v e r a g i n g ,  and a  h e a t  f l u x  

t r a n s f o r m e r  c a p a b i l i t y  a r e  unique p r o p e r t i e s  which make a d a p t a t i o n  of t h e  h e a t  

p i p e  p r i n c i p l e  a t t r a c t i v e  f o r  t h e  c o o l i n g  of r o c k e t  t h r u s t  chambers. A p r e s -  

s u r e  f e d  r o c k e t  eng ine  w i t h  a  t h r u s t  chamber cooled by t h e  h e a t  p i p e  p r i n c i p l e  

i s  c u r r e n t l y  b e i n g  cons ide red  f o r  unmanned s p a c e  miss ions  (1 ) .  The d e s i r e d  

o p e r a t i n g  c o n d i t i o n s  a r e :  100 p s i g  chamber p r e s s u r e ,  1000 l b f  t h r u s t ,  and 

1000 s e c  d u r a t i o n  w i t h  OF and B H p r o p e l l a n t s .  
2 2 6 

A h e a t  p i p e  c o n s i s t s  of t h r e e  b a s i c  e l ements :  a  c o n t a i n e r ,  a  wick ,  and 

a  working f l u i d .  The c o n t a i n e r  i s  c l o s e d  and evacua ted ,  and i t s  w a l l s  a r e  

l i n e d  w i t h  a  c a p i l l a r y  s t r u c t u r e ,  t h e  wick,  which i s  s a t u r a t e d  w i t h  l i q u i d  

working f l u i d .  Opera t ion  of a  h e a t  p i p e ,  shown i n  F i g u r e  1 f o r  a  c y l i n d r i c a l  

c o n f i g u r a t i o n ,  i s  i n i t i a t e d  by i n p u t t i n g  h e a t  t o  t h e  e v a p o r a t o r  r eg ion .  This  

causes  t h e  working f l u i d  t o  v a p o r i z e ,  f low t o  t h e  condenser r e g i o n  (where 

e x t e r n a l  c o o l i n g  is  a p p l i e d ) ,  and condense. C a p i l l a r y  a c t i o n  r e t u r n s  t h e  work- 

i n g  f l u i d  t o  t h e  e v a p o r a t o r .  Heat-pipe-cooled r o c k e t  t h r u s t  chambers a r e  n o t  

n e c e s s a r i l y  c y l i n d r i c a l  i n  shape.  

Th i s  r e p o r t  summarizes t h e  i n i t i a l  d e s i g n  s t u d y  of heat -pipe-cooled 

t h r u s t  chambers performed under Cont rac t  NAS 7-697. The program i s  b e i n g  con- 

duc ted  by t h e  A e r o j e t  L iqu id  Rocket Company f o r  t h e  J e t  P r o p u l s i o n  Labora to ry ,  

w i t h  RCA C o r p o r a t i o n  c o n t r i b u t i n g  a s  a  h e a t  p i p e  s u b c o n t r a c t o r .  The program 

o b j e c t i v e  i s  t o  app ly  h e a t  p i p e  technology t o  t h e  c o o l i n g  of h i g h  energy s p a c e  

s t o r a b l e  p r o p e l l a n t s  and a  s p e c i f i c  program g o a l  i s  t h e  des ign  and f a b r i c a t i o n  

o f  a  working model OF / B  H t h r u s t  chamber which i s  cooled by t h e  h e a t  p i p e  
2 2 6  

p r i n c i p l e .  

The work on t h i s  program c o n s i s t e d  o f  t h r e e  t a s k s :  Task I - Beat  P i p e  

Technology Review, Task I1 - A n a l y s i s  and Exper imenta t ion ,  and Task I11 - Work- 

i n g  Model Design,  

Page 1 
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I ,  I n t r o d u c t i o n  ( c o n t . )  

During Task I t h e  e x i s t i n g  h e a t  p i p e  technology w a s  reviewed and evalu-  

a t e d  i n  view of t h e  l i q u i d  r o c k e t  t h r u s t  chamber requ i rements .  A summary of 

t h i s  technology review was p repared  and i s  con ta ined  i n  S e c t i o n  I1 of t h i s  

r e p o r t .  Design c o n s i d e r a t i o n s  r e l e v a n t  t o  heat ,-pipe-cooled t h r u s t  chambers 

a r e  d i s c u s s e d  i n  S e c t i o n  111. A h e a t  p i p e  b i b l i o g r a p h y  w a s  a l s o  p repared  and 

i s  given as Appendix A. 

Task I1 comprised t h e  b u l k  of t h e  program. The t h r e e  major e f f o r t s  o f  

t h i s  t a s k  were:  concept  s e l e c t i o n ,  t h e  f a b r i c a t i o n  exper iment ,  and c y l i n d r i -  

c a l  h e a t  p i p e  t e s t i n g .  Three  p o s s i b l e  des ign  concepts  were  e s t a b l i s h e d  and 

t h e  f e a s i b i l i t y  of each f o r  n e a r  t e r m  a p p l i c a t i o n  w i t h  OF / B  H was e v a l u a t e d  
2 2 6  

a n a l y t i c a l l y .  The a n a l y s i s  r e s u l t s  and d e s c r i p t i o n s  o f  each concept a r e  given 

i n  S e c t i o n  I V .  A r e g e n e r a t i v e l y  cooled condenser concept  and a  sod ium/n icke l  

h e a t  p i p e  sys tem were  chosen f o r  t h e  working model des ign .  

The o b j e c t i v e  of t h e  f a b r i c a t i o n  exper iment  was t o  e v a l u a t e  t h e  f a b r i -  

c a t i o n  problems p e c u l i a r  t o  a h e a t  p i p e  c o n s t r u c t e d  i n  t h e  shape of a t h r u s t  

chamber. An unoptimized d e s i g n  w a s  f a b r i c a t e d  and w a s  o p e r a t e d  s u c c e s s f u l l y  

a s  a  h e a t  p i p e ,  It i s  a n t i c i p a t e d  t h a t  t h e  g e n e r a l  c o n f i g u r a t i o n  of t h e  work- 

i n g  model OF /B  H des ign  w i l l  be  s i m i l a r  t o  t h i s  f a b r i c a t i o n  exper iment  t h r u s t  
2 2 6  

chamber. The f a b r i c a t i o n  exper iment  is  d i s c u s s e d  i n  S e c t i o n  V. 

The primary o b j e c t i v e  of t h e  c y l i n d r i c a l  h e a t  p i p e  t e s t i n g  was t o  eva l -  

u a t e  t h e  e v a p o r a t o r  h e a t  f l u x  c a p a b i l i t i e s  of sod ium/n icke l  h e a t  p i p e s .  This  

t e s t i n g  program i s  d e s c r i b e d  i n  S e c t i o n  V I .  Seven d i f f e r e n t  evapora to r  wick 
L 

c o n f i g u r a t i o n s  were t e s t e d  and t h e  maximum h e a t  f l u x  achieved was 5 B t u / i n ,  

s e c .  This  i s  more t h a n  twice  t h e  maximum h e a t  f l u x  p r e v i o u s l y  r e p o r t e d  f o r  

sodium h e a t  p i p e s .  

Page 2 
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I, I n t r o d u c t i o n  ( c o n t . )  

The o r i g i n a l  o b j e c t i v e  of Task I11 was t o  e s t a b l i s h  a  d e t a i l e d  des ign  

o f  a  working model t h r u s t  chamber which i n c o r p o r a t e d  t h e  des ign  concepts  chosen 

and t e s t e d  dur ing  Task 11. However, d e s p i t e  t h e  s i g n i f i c a n t  advances made 

d u r i n g  t h e  Task I1 work,  i t  was f e l t  a t  t h e  end of Task I1 t h a t  a d d i t i o n a l  

c y l i n d r i c a l  h e a t  p i p e  t e s t s  were needed t o  f u r t h e r  e v a l u a t e  t h e  h e a t  f l u x  capa- 

b i l i t i e s  o f  sod ium/n icke l  h e a t  p i p e s  and t o  s o l v e  c e r t a i n  problems exposed by 

t h e  f i r s t  y e a r ' s  e f f o r t .  Consequently,  Task 111 was modif ied t o  c o n s i s t  of 

p r e l i m i n a r y  des ign  a n a l y s e s  s o  t h a t  a  p o r t i o n  of t h e  Task I11 funding can be  

combined w i t h  for thcoming funds f o r  follow-on work. The p r e l i m i n a r y  d e s i g n  

a n a l y s i s  work conducted dur ing  Task I11 is  d e s c r i b e d  i n  S e c t i o n  V I I .  
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Although t h e  h e a t  p i p e  i s  a r e l a t i v e l y  new d e v i c e ,  i t  i s  t h e  s u b j e c t  of 

a c o n s i d e r a b l e  amount of l i t e r a t u r e .  A t  t h e  s t a r t  of  t h i s  program, t h e  major- 

i t y  o f  t h e  l i t e r a t u r e  was reviewed w i t h  regard  t o  t h e  r o c k e t  t h r u s t  chamber 

c o o l i n g  problem. This  l i t e r a t u r e  work and p e r t i n e n t  d i s c u s s i o n s  w i t h  h e a t  

p i p e  p e r s o n n e l  a t  RCA Corpora t ion  and a t  t h e  Los Alamos S c i e n t i f i c  Laboratory  

(LASL) comprised t h e  h e a t  p i p e  technology review which i s  summarized i n  t h e  

fo l lowing  paragraphs .  I n  a d d i t i o n ,  a h e a t  p i p e  b i b l i o g r a p h y  was p repared  and 

i s  p r e s e n t e d  as Appendix A of t h i s  r e p o r t .  A complete review of t h e  h e a t  p i p e  

f i e l d  i s  n o t  i n t e n d e d  and technology a r e a s  a p p l i c a b l e  t o  t h e  t h r u s t  chamber 

c o o l i n g  problem have been emphasized. A comprehensive review of t h e  h e a t  p i p e  

f i e l d  i s  given i n  Reference 2 and b a s i c  i n t r o d u c t o r y  a r t i c l e s  a r e  g iven  i n  

References  3 and 4. 

A. HISTORICAL 

The h e a t  p i p e  was i n v e n t e d  by G. M. Grover a t  LASL i n  1963 and most 

o f  t h e  fundamental  h e a t  p i p e  work was subsequen t ly  done a t  LASL. The f i r s t  

h e a t  p i p e  a r t i c l e  was w r i t t e n  by Grover and co-workers and d e s c r i b e d  t h e  opera- 

t i o n  of a sodium h e a t  p i p e  and a w a t e r  h e a t  p i p e  (5) .  A s i m i l a r  dev ice  was 

proposed by Gaugler i n  1942 b u t  t h e  p r i n c i p l e  invo lved  was n o t  e f f e c t i v e l y  

u t i l i z e d  u n t i l  i t  was independen t ly  conceived by Grover. Although s e v e r a l  

i n d i v i d u a l s  and o r g a n i z a t i o n s  have c o n t r i b u t e d  t o  t h e  technology of h e a t  p i p e s ,  

t h e  work a t  LASL i s  cons idered  t h e  most s i g n i f i c a n t ,  e s p e c i a l l y  t h e  t h e o r e t i c a l  

work of C o t t e r  (6 ,7)  and t h e  exper iments  r e p o r t e d  by Kemme ( 8 , 9 , 1 0 ) ,  P rev ious  

p u b l i c a t i o n s  concerning r o c k e t  eng ine  a p p l i c a t i o n s  a r e  l i s t e d  as References  11 

and 12.  

B. BASIC THEORY 

The t h r e e  e s s e n t i a l  e lements  of a h e a t  p i p e  a r e :  a working f l u i d ,  

a wick ,  and a c o n t a i n e r .  The p r i n c i p l e  of o p e r a t i o n  is  demonstrated i n  
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F i g u r e  1 which i s  taken  from Reference 4. I n p u t  h e a t  evapora tes  t h e  working 

f l u i d  a t  what i s  r e f e r r e d  t o  as t h e  evapora to r  r e g i o n  of t h e  h e a t  p i p e .  The 

vapor  p r e s s u r e  of t h e  evapora ted  working f l u i d  causes  vapor  f low t o  t h e  con- 

d e n s e r  reg ion  where h e a t  i s  removed and t h e  f l u i d  r e t u r n s  t o  t h e  l i q u i d  s t a t e .  

C a p i l l a r y  a c t i o n  w i t h i n  t h e  wick r e t u r n s  t h e  l i q u i d  t o  t h e  e v a p o r a t o r .  

The b a s i c  t h e o r y  d e s c r i b i n g  s t e a d y  s t a t e  h e a t  p i p e  o p e r a t i o n  has  

been d i s c u s s e d  by C o t t e r  ( 6 ) ,  Cheung ( 2 ) ,  Cosgrove ( 1 3 ) ,  Haskin ( 1 4 ) ,  

Schlapback (15) and Feldman (16) .  I t  c o n s i s t s  e s s e n t i a l l y  of a  p r e s s u r e  b a l -  

ance  i n  which t h e  p r e s s u r e  l o s s e s  due t o  f r i c t i o n  and a c c e l e r a t i o n  e f f e c t s  a r e  

compared t o  t h e  maximum c a p i l l a r y  p r e s s u r e  d i f f e r e n c e  which can be  suppor ted  

by t h e  wick,  Laminar l i q u i d  and vapor f low i s  g e n e r a l l y  assumed; however, 

t u r b u l e n t  vapor f low i s  a l s o  p o s s i b l e  and has  been cons idered .  

A p r e s s u r e  b a l a n c e  f o r  a h e a t  p i p e  i s  w r i t t e n  as Equat ion 1. This  

r e l a t i o n s h i p  must e x i s t  f o r  s u c c e s s f u l  o p e r a t i o n .  

AP ' "liq + AP i- AP 
cap - VaP a c c  

Eq. 1 

For  a c y l i n d r i c a l  h e a t  p i p e  o r i e n t e d  w i t h  r e s p e c t  t o  t h e  l o c a l  a c c e l e r a t i o n  a s  

shown i n  F igure  1, t h e  f o l l o w i n g  e x p r e s s i o n  a p p l i e s  

- "ace - QL La cos 4 
c  

I n  c a l c u l a t i n g  t h e  c a p i l l a r y  p r e s s u r e  d i f f e r e n c e ,  APcap t h e  

meniscus r a d i u s  of c u r v a t u r e  i n  t h e  condenser is  o f t e n  assumed t o  b e  q u i t e  

l a r g e  s i n c e  t h e  working f l u i d  t ends  t o  "puddle1' i n  t h e  condenser ,  s o  AP can 
cap  
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b e  approximated w i t h  t h e  fo l lowing  e q u a t i o n s  (no te  i n  F i g u r e  1 t h a t  cos  0 = 

20 Ap ' L - = -  
cap - R 

20 cos  8 r e  
e  e  

1 
20 = - 

(APcap max p o s s i b l e  r e  
Eq. 2  

The l i q u i d  p r e s s u r e ,  drop,  APliq9 can be  c a l c u l a t e d  from Darcy 's  

Law, Equat ion 3 ,  prov ided  some exper imenta l  d a t a  f o r  p e r m e a b i l i t y  e x i s t  f o r  

t h e  p a r t i c u l a r  wick of i n t e r e s t  (16) .  

Eq. 3 

A l t e r n a t e  e x p r e s s i o n s  f o r  AP o b t a i n e d  through modi f i ca t ion  of P o i s e u i l l e s  l i q  
e q u a t i o n  f o r  c a p i l l a r y  tube  p r e s s u r e  drop a r e  p r e s e n t e d  i n  Reference 1 7  f o r  

a r t e r i a l ,  groove, s c r e e n ,  c o n c e n t r i c  annu lus ,  and c r e s c e n t  annulus  type  wicks.  

The vapor  p r e s s u r e  drop,  AP can o f t e n  b e  n e g l e c t e d  s i n c e  i t  i s  
vap ' 

u s u a l l y  s m a l l .  C o t t e r  (6) g i v e s  t h e  e x p r e s s i o n s  l i s t e d  a s  Equat ions  4 and 5 

f o r  l aminar  vapor  f low i n  a  c y l i n d r i c a l  h e a t  p i p e  w i t h  t h e  evapora to r  and con- 

d e n s e r  l o c a t e d  on t h e  c y l i n d r i c a l  s u r f a c e  and ze ro  a d i a b a t i c  l e n g t h .  

Eq. 4 

Eq. 5 
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V r 
where : R = R a d i a l  flow Reynolds Number = 'v r v 

r 
i.lv 

An a n a l y s i s  which i n c l u d e s  non-zero a d i a b a t i c  l eng th  i s  presen ted  by 

Haskin (14 ) .  For c y l i n d r i c a l  h e a t  p i p e  geometry t e s t e d  on t h i s  program (hea t -  

i n g  on one of t h e  c i r c u l a r  end s u r f a c e s  - s e e  Sec t ion  V I I ) ,  t h e  vapor p r e s s u r e  

drop can b e  e s t i m a t e d  from t h e  l aminar  f low equa t ion  l i s t e d  a s  Equation 6 (18) .  

Eq. 6 

Equat ions  more a p p r o p r i a t e  f o r  t u r b u l e n t  f low a r e  d i scussed  by Cheung ( 2 ) .  

Vapor c o m p r e s s i b i l i t y  e f f e c t s  a r e  u s u a l l y  s m a l l  except  a t  low o p e r a t i n g  p r e s -  

s u r e s  and v e r y  l a r g e  t o t a l  h e a t  t r a n s f e r  r a t e s .  This c a s e  has  been i n v e s t i -  

ga ted  by Levy (19) and Kemme (10) .  

For a  h e a t  p i p e  w i t h  n e g l i g i b l e  vapor p r e s s u r e  drop,  Equat ions  1, 

2 and 3 can b e  combined and s o l v e d  f o r  t h e  maximum h e a t  t r a n s f e r  r a t e  ( n o t e  

t h a t  Q = w AH). The r e s u l t i n g  e x p r e s s i o n  is  shown as Equat ion 7 .  

2 'R 
aL 

o S ) Eq. 7 
e  

C. HEAT PIPE DESIGN CONSIDERATIONS 

1. Wicks 

The wick i s  c e r t a i n l y  t h e  most impor tan t  component of  a  h e a t  

p i p e  s i n c e  i t  c o n t r o l s  t o  a  l a r g e  e x t e n t  t h e  h e a t  f l u x ,  t o t a l  the rmal  l o a d ,  

and s t a r t u p  c h a r a c t e r i s t i c s  of a  g iven h e a t  p i p e .  The primary wick f u n c t i o n  
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is t o  produce s u f f i c i e n t l y  h i g h  c a p i l l a r y  pumping f o r c e s  and s u f f i c i e n t l y  low 

l i q u i d  p r e s s u r e  l o s s e s  s o  t h a t  t h e  d e s i r e d  q u a n t i t y  o f  working f l u i d  can  b e  

c i r c u l a t e d .  These two requirements  t end  t o  b e  c o n f l i c t i n g  s i n c e  s m a l l  p o r e  

s i z e s  a r e  r e q u i r e d  f o r  h i g h  c a p i l l a r y  p r e s s u r e  d i f f e r e n c e s  and l a r g e  p o r e s  are 

d e s i r e d  f o r  low flow r e s i s t a n c e .  This  s i t u a t i o n  l e a d s  t o  an  optimum p o r e  s i z e  

f o r  maximum thermal  l o a d  i n  c y l i n d r i c a l  h e a t  p i p e s  w i t h  uniform p o r o s i t y  wicks  

and w i t h  no a u x i l i a r y  l i q u i d  r e t u r n  passages .  

Other  wick requirements  arise depending on t h e  a p p l i c a t i o n  

and t h e  working f l u i d .  For example, a r e l a t i v e l y  t h i n  wick i s  needed f o r  h igh  

h e a t  f l u x  o p e r a t i o n  t o  reduce t h e  wick t empera tu re  drop and avo id  b o i l i n g  

w i t h i n  t h e  wick ( g e n e r a l l y  regarded  a s  d e t r i m e n t a l ) .  An a d d i t i o n a l  cons idera -  

t i o n  f o r  c y l i n d r i c a l  h e a t  p i p e s  i s  t h a t  h i g h  vapor v e l o c i t i e s  can produce 

en t ra inment  of t h e  l i q u i d  by t h e  vapor u n l e s s  t h e  wick p o r e  s i z e  i s  s u f f i c i e n t l y  

s m a l l .  

An e v o l u t i o n  of wick des igns  f o r  c y l i n d r i c a l  h e a t  p i p e s  i s  

apparen t  i n  t h e  LASL l i t e r a t u r e  as thermal  l o a d  l e v e l s  were i n c r e a s e d  and a  

summary o f  t h e  LASL wick c o n f i g u r a t i o n s  is  given i n  Reference 17 ,  I n i t i a l l y ,  

s c r e e n  mesh wicks were  u t i l i z e d ,  then  grooved channels  w i t h  and w i t h o u t  s c r e e n  

cover ings ,  and most r e c e n t l y  an  annu la r  l i q u i d  flow passage  formed by a very  

f i n e  p o r o s i t y  tube.  This l a t t e r  c o n f i g u r a t i o n  p r o v i d e s  t h e  a t t r a c t i v e  combina- 

t i o n  of ve ry  h i g h  c a p i l l a r y  f o r c e s  and very  low flow r e s i s t a n c e .  

2. Working F l u i d s  

A wide v a r i e t y  of working f l u i d s  and o p e r a t i n g  temperatures  

have been employed i n  h e a t  p i p e s  rang ing  from n i t r o g e n  a t  -250°F (14) t o  

s i l v e r  a t  3630°F (20) .  A p a r t i a l  t a b u l a t i o n  of r e p o r t e d  h e a t  p i p e  work is  

given a s  Table  1. 
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The working f l u i d  i s  o f t e n  chosen f o r  i t s  h e a t  t r a n s p o r t  

c a p a b i l i t y  and vapor p r e s s u r e  a t  t h e  p a r t i c u l a r  o p e r a t i n g  temperature  of 

i n t e r e s t .  The h e a t  t r a n s p o r t  c a p a b i l i t y  i s  i n  p a r t  d e s c r i b e d  by t h e  l i q u i d  

t r a n s p o r t  f a c t o r ,  N L ,  which i s  d e f i n e d  i n  Equat ion 8. 

Eq. 8 

By i n s p e c t i o n  of Equa t ion  7 ,  i t  can b e  s e e n  t h a t  t h i s  f a c t o r  i s  i n d i c a t i v e  of 

t h e  thermal  l o a d  a  f l u i d  can t r a n s p o r t  f o r  a  g iven wick geometry and o r i e n t a -  

t i o n  assuming t h e  h e a t  p i p e  i s  l i q u i d  flow l i m i t e d .  The l i q u i d  t r a n s p o r t  f ac -  

t o r  v a l u e s  given f o r  8 f l u i d s  i n  Reference 2 1  a r e  shown a s  F igure  2 .  A h igh  

l i q u i d  thermal  c o n d u c t i v i t y  i s  a l s o  d e s i r a b l e  f o r  h i g h  h e a t  f l u x  o p e r a t i o n  

s i n c e  h e a t  t r a n s f e r  through t h e  wick is  e s s e n t i a l l y  a  conduction p r o c e s s .  

Vapor p r o p e r t i e s  can a l s o  b e  impor tan t  and a  vapor t r a n s p o r t  

f a c t o r ,  
Nv ' analogous t o  N has  been d e f i n e d  (22) .  The u l t i m a t e  l i m i t  of  L ' 

h e a t  t r a n s p o r t  a t  a given temperature  occurs  when s o n i c  v e l o c i t y  i s  ach ieved  

i n  t h e  vapor  and t h e r e f o r e  t h e  vapor d e n s i t y  i s  an impor tan t  p r o p e r t y  t o  

c o n s i d e r .  

The l i q u i d  meta l s  a r e  t h e  f l u i d s  o f  i n t e r e s t  f o r  t h r u s t  

chamber a p p l i c a t i o n s  because  o f  t h e i r  good h e a t  t r a n s p o r t  c h a r a c t e r i s t i c s  and 

h i g h  o p e r a t i n g  t empera tu res ,  I n  a d d i t i o n  they have t h e  h i g h  va lues  of l i q u i d  

the rmal  c o n d u c t i v i t y  which a r e  necessa ry  t o  o p e r a t e  a t  h igh h e a t  f l u x e s  w i t h  

a  r e a s o n a b l e  v a l u e  o f  non-boi l ing s u p e r h e a t .  

The o p e r a t i n g  t empera tu re  range of a  working f l u i d  depends on 

t h e  p a r t i c u l a r  h e a t  l o a d  requirements  and geomet r ica l  r e s t r a i n t s  ; however, an  

o p e r a t i n g  t empera tu re  n e a r  the' normal b o i l i n g  p o i n t  i s  g e n e r a l l y  chosen because  
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h i g h  vapor  v e l o c i t i e s  occur  a t  lower temperatures  and e x c e s s i v e  vapor  p r e s s u r e s  

develop a t  h i g h e r  temperatures .  The normal b o i l i n g  p o i n t s  of s e v e r a l  l i q u i d  

meta l s  are l i s t e d  below. Mel t ing  p o i n t  v a l u e s  a r e  a l s o  given.  The m e l t i n g  

p o i n t  becomes impor tan t  i n  e v a l u a t i n g  s t a r t u p  w i t h  a f r o z e n  working f l u i d .  

Metal  C s  K N a L i A g 

Mel t ing P o i n t ,  O F  83 .5  146 208 356 1762 

Normal B o i l i n g  1242 1402 1622 2430 3542 
P o i n t ,  OF 

3. Materials 

The c o n t a i n e r  m a t e r i a l  must be  chemical ly  compat ible  w i t h  t h e  

working f l u i d  and must b e  wet  by i t .  Chemical r e a c t i o n s  can produce noncon- 

d e n s i b l e  gases  which b l o c k  o f f  h e a t  t r a n s f e r  a t  t h e  condenser.  Poor w e t t i n g  

a l s o  l e a d s  t o  low h e a t  t r a n s p o r t  r a t e s .  I n  a d d i t i o n ,  s o l u b i l i t y  i n  t h e  work- 

i n g  f l u i d  must be  low. Any s o l i d s  which d i s s o l v e  i n  t h e  working f l u i d  w i l l  b e  

d e p o s i t e d  i n  t h e  e v a p o r a t o r  and c u r t a i l  t h e  o p e r a t i n g  l i f e  of t h e  h e a t  p i p e .  

4. S t a r t u p  

Some d i f f i c u l t i e s  have been exper ienced  i n  s t a r t i n g  h e a t  p i p e s  

and t h i s  i s  a p o t e n t i a l  problem a r e a  f o r  heat-pipe-cooled t h r u s t  chambers. The 

work i n  t h i s  area i s  n o t  e x t e n s i v e ,  b u t  t h e  e s s e n t i a l s  o f  t h e  problem have been 

d e f i n e d  by C o t t e r  ( 7 ) .  Problems a s s o c i a t e d  w i t h  mel t ing  t h e  working f l u i d  and 

o p e r a t i n g  limits due t o  s o n i c  vapor  f low, l i q u i d  en t ra inment ,  and e v a p o r a t i o n  

k i n e t i c s  can b e  encountered.  
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5 ,  Shapes 

Most of t h e  h e a t  p i p e  work h a s  been done w i t h  t h e  c y l i n d r i c a l  

shape ,  I n  more complex geomet r ies ,  d i f f i c u l t i e s  a r e  sometimes exper ienced i n  

m a i n t a i n i n g  a  cont inuous  wick s t r u c t u r e  which remains i n  c l o s e  c o n t a c t  w i t h  

t h e  w a l l ,  C l e a n l i n e s s  and t h e  p r e v e n t i o n  of l e a k s  a r e  a l s o  more d i f f i c u l t  

w i t h  complex shapes .  RCA h a s  done most of t h e  s i g n i f i c a n t  work on unconven- 

t i o n a l  shaped h e a t  p i p e s  i n c l u d i n g  r i g h t  a n g l e ,  f l e x i b l e ,  and s t a r  geometr ies .  

D. HEAT PIPE OPERATING LIMITS 

Four h e a t  p i p e  o p e r a t i n g  l i m i t s  have been d e f i n e d ,  they a r e :  

(1) wick ing  l i m i t  ( d r y o u t ) ,  ( 2 )  s o n i c  f low l i m i t ,  (3) en t ra inment  l i m i t ,  and 

(4 )  b o i l i n g  l i m i t .  These l i m i t s  a r e  d i s c u s s e d  throughout  t h e  l i t e r a t u r e  and 

a  good summary i s  given i n  Reference 17.  This  summary p rov ides  t h e  b a s i s  f o r  

t h e  fo l lowing  d i s c u s s i o n s .  

1. Wicking L imi t  (Dryout) 

An a n l y t i c a l  s t a t e m e n t  of t h e  wicking l i m i t  i s  given a s  

Equat ion 1. The wick ing  l i m i t ,  a l s o  termed dryou t ,  i s  reached when t h e  sum of  

t h e  sys tem p r e s s u r e  l o s s e s  e q u a l  t h e  p r e s s u r e  d i f f e r e n c e  c a p a b i l i t y  of t h e  

e v a p o r a t o r  meniscus. Wicking p r e s s u r e  l o s s e s  t h e r e f o r e  l i m i t  t h e  t o t a l  h e a t  

t r a n s f e r  r a t e  s i n c e  flow r a t e  and consequent ly  t h e  t o t a l  r a t e  o f  h e a t  t r a n s f e r  

a r e  p r o p o r t i o n a l  t o  them. Drying and overhea t ing  of t h e  evapora to r  wick 

occurs  i f  t h i s  l i m i t  i s  exceeded. 

Wicking l i m i t s  seem t o  be  most r e s t r i c t i v e  f o r  s imple  c y l i n -  

d r i c a l  h e a t  p i p e s  w i t h  mesh t y p e  wicks a s  they have i n h e r e n t l y  h i g h  l i q u i d  

flow r e s i s t a n c e .  I t  appears  t h a t  t h e  problem can b e  a l l e v i a t e d  by p r o v i d i n g  
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l a r g e  l i q u i d  flow a r e a s  and r e l a t i v e l y  s h o r t  l i q u i d  flow l e n g t h s .  The a n n u l a r  

geometry o f  a h e a t  p i p e  t h r u s t  chamber is  p a r t i c u l a r l y  a t t r a c t i v e  from t h i s  

s t a n d p o i n t  because  r a d i a l l y  o r i e n t e d  l i q u i d  r e t u r n  p a t h s  can be s i t u a t e d  

between t h e  condenser  and e v a p o r a t o r  a t  whatever  l o c a t i o n  i s  d e s i r e d .  

Son ic  Flow Limi t  

Sonic  f low of t h e  vapor can occur  a t  low o p e r a t i n g  tempera- 

t u r e s  (low p r e s s u r e s )  where t h e  vapor  d e n s i t i e s  a r e  a l s o  low. Th is  can b e  

s e e n  i n  Equat ion 9  which r e l a t e s  t h e  i n p u t  h e a t  f l u x  and e v a p o r a t i v e  mass f l u x  

f o r  a f l a t  p l a t e  h e a t  p i p e  ( h e a t  f low and vapor flow normal t o  t h e  e v a p o r a t o r  

wick) .  

Eq. 9 

For a g iven  h e a t  f l u x ,  t h e  vapor  v e l o c i t y  depends on t h e  vapor d e n s i t y  and 

l a t e n t  h e a t .  The v e l o c i t y  cannot exceed s o n i c  and t h e r e f o r e  a h e a t  f l u x  l i m i t  

e x i s t s  which i s  dependent on o p e r a t i n g  temperature .  Heat p i p e s  o p e r a t i n g  a t  

t h e  s o n i c  f low c o n d i t i o n  have been e x p e r i m e n t a l l y  i n v e s t i g a t e d  by Kemme (10).  

Values of s o n i c  l i m i t  h e a t  f l u x e s  from Reference 17  a r e  g iven  

i n  t h e  f o l l o w i n g  t a b l e  f o r  f o u r  l i q u i d  meta l s .  Assuming an  upper l i m i t  h e a t  
2  2  

f l u x  of abou t  1 t o  2  Kw/cm ( 6 . 1  t o  12.2  B t u / i n .  s e e ) ,  i t  i s  s e e n  t h a t  t h e  

s o n i c  h e a t  f l u x  l i m i t  becomes s i g n i f i c a n t  f o r  cesium and po tass ium a t  tempera- 

t u r e s  below 500°C (930°F),  f o r  sodium below 600°C (1112°F) and f o r  l i t h i u m  

below 900°C (1652°F). 
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Temperature,  ( O C )  O F  

(400) 752 

(500) 932 

(600) 1112 

(700) 1292 

(800) 1472 

(900) 1652 

(1000) 1832 

(1100) 2012 

(1200) 2192 

L 
Sonic  Heat F lux  L i m i t ,  ( ~ w / c m ~ )  B t u / i n .  s e c  

3. Entrainment L imi t  

Some l i q u i d  from t h e  r e t u r n  wick may b e  e n t r a i n e d  by t h e  vapor 

i f  t h e  l i q u i d  r e t u r n  passage  is  n o t  impervious and i f  t h e  vapor v e l o c i t i e s  a r e  

s u f f i c i e n t l y  h i g h .  This  l i m i t  i s  g e n e r a l l y  encountered a t  temperatures  h i g h e r  

than  where t h e  s o n i c  c o n d i t i o n  i s  l i m i t i n g .  Kemme has  measured en t ra inment  

l i m i t s  i n  s c r e e n  covered channel  wicks (9) and found t h a t  t h e  en t ra inment  l i m i t  

could  b e  p r e d i c t e d  reasonab ly  w e l l  assuming a c r i t i c a l  Weber number of 1 where 

t h e  Weber number i s  based  on s c r e e n  w i r e  d iamete r ,  d. With t h i s  c r i t e r i o n ,  t h e  

en t ra inment  l i m i t  expressed  as an  a x i a l  h e a t  f l u x  (based on vapor  f low a r e a )  

i s  g iven  by Equat ion 10.  

Eq. 10 

It i s  a p p a r e n t  from Equat ion 10 t h a t  en t ra inment  can b e  i n h i b i t e d  by cover ing  

t h e  f low channels  w i t h  f i n e  s c r e e n s  and t h i s  i s  cor robora ted  by Kemme's d a t a .  
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4 .  B o i l i n g  L imi t  

The b o i l i n g  l i m i t  i s  one of t h e  more c r i t i c a l  technology a r e a s  

f o r  a p p l i c a t i o n  of t h e  h e a t  p i p e  p r i n c i p l e  t o  t h e  c o o l i n g  of t h r u s t  chambers 

because  n o t  much is  known about t h e  b o i l i n g  l i m i t  i n  genera l .  The d a t a  a v a i l -  

a b l e  f o r  l i q u i d  meta l s  are meager b u t  t h e  i n d i c a t i o n s  a r e  t h a t  r e l a t i v e l y  l a r g e  

h e a t  f l u x e s  can b e  accommodated b e f o r e  b o i l i n g  phenomena produce e v a p o r a t o r  

h o t  s p o t s .  

General  agreement does n o t  appear  t o  have been reached regard-  

i n g  t h e  e x t e n t ,  i f  any,  t o  which b o i l i n g  can occur  i n  a h e a t  p i p e  wick. A 

s i m p l i f i e d ,  and p o s s i b l y  c o n s e r v a t i v e ,  phenomenological model of t h e  b o i l i n g  

l i m i t  f o r  l i q u i d  metals i s  o b t a i n e d  by assuming t h a t  t h e  b o i l i n g  l i m i t  i s  

reached when t h e  c o n d i t i o n s  a r e  such t h a t  a n u c l e a t e d  bubble  can grow. This  

o c c u r s  when t h e  e x c e s s  p r e s s u r e  w i t h i n  a bubble  becomes l a r g e  enough t o  over- 

come s u r f a c e  t e n s i o n  f o r c e s .  A f o r c e  b a l a n c e  on a bubble ,  Equat ion 11, t h e n  

d e f i n e s  t h e  l i m i t i n g  c o n d i t i o n .  

Eq. 11 

The i n t e r i o r  and e x t e r i o r  p r e s s u r e s  P and P2 i n  Equat ion 11 
1 

correspond t o  t empera tu res  i n  accordance w i t h  t h e  vapor p r e s s u r e  curve f o r  a 

p a r t i c u l a r  working f l u i d .  S i n c e  P corresponds t o  t h e  l o c a l  b o i l i n g  p o i n t ,  
2 

Equat ion 11, i n  e f f e c t ,  d e f i n e s  t h e  a l lowable  s u p e r h e a t  i n  a sys tem w i t h  

n u c l e a t i o n  si tes of r a d i u s  r. A t  t h i s  p o i n t  i t  is assumed t h a t  t h e  f l u i d  

motion w i t h i n  t h e  wick i s  slow and t h e  h e a t  t r a n s f e r  mechanism i s  e s s e n t i a l l y  

conduct ion.  The h e a t  f l u x  i s  t h e n  given by t h e  r e l a t i o n  shown a s  Equat ion 12 

( r a d i a l  conduct ion e f f e c t s  a r e  n e g l e c t e d  s i n c e  they w i l l  be  s m a l l  on h e a t  p i p e  

cooled t h r u s t  chambers) , 
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Q - -  AT^^  AT boil in^ l i m i t  (t/k)wick Eq. 12 

Equa t ion  12 shows t h a t  h i g h  b o i l i n g  l i m i t  h e a t  f l u x  v a l u e s  

can b e  achieved i f  r e l a t i v e l y  t h i n ,  h igh  c o n d u c t i v i t y  wick s t r u c t u r e s  a r e  

employed and i f  t h e  a l l o w a b l e  s u p e r h e a t s  a r e  h i g h .  The d a t a  i n  References  23 

and 25 show t h a t  i n c i p i e n t  b o i l i n g  s u p e r h e a t s  a r e  h i g h e r  on smooth, c l e a n  sur -  

f a c e s  and t h a t  t h e  s u p e r h e a t  i n c r e a s e s  w i t h  d e c r e a s i n g  s y s  tem p r e s s u r e .  These 

d a t a  t r e n d s  a r e  e x p l a i n e d  by examinat ion of Equat ion 11. It is  apparen t  from 

t h i s  e q u a t i o n  t h a t  h i g h  s u p e r h e a t s  a r e  o b t a i n e d  i f  t h e  n u c l e a t i o n  s i t e  r a d i u s ,  

r , i s  s m a l l  and s m a l l  r v a l u e s  would be  expected f o r  smooth, c l e a n  s u r f  a c e s .  

Equat ion 11 p r e d i c t s  h i g h e r  s u p e r h e a t s  a t  low p r e s s u r e s  f o r  two reasons:  

(1) lower p r e s s u r e  corresponds t o  lower b o i l i n g  p o i n t  and t h e  s u r f a c e  t e n s i o n  

of l i q u i d s  c h a r a c t e r i s t i c a l l y  i n c r e a s e s  w i t h  d e c r e a s i n g  temperature ;  (2)  a 

given excess  p r e s s u r e  i s  e q u i v a l e n t  t o  a  g r e a t e r  t empera tu re  d i f f e r e n c e  a t  

lower p r e s s u r e  due t o  t h e  e x p o n e n t i a l  shape  of vapor p r e s s u r e  curves .  

The a l l o w a b l e  s u p e r h e a t  i s  n o t  w e l l  de f ined  b u t  v a l u e s  i n  t h e  

100°F t o  400°F have been measured f o r  sodium and potass ium and a  few very  h i g h  

v a l u e s  (950°F f o r  sodium, 500°F f o r  potass ium) have been r e p o r t e d  (24) .  Analy- 

sis of t h e  c y l i n d r i c a l  h e a t  p i p e  d a t a  o b t a i n e d  on t h i s  program has  i n d i c a t e d  

t h a t  a  maximum s u p e r h e a t  of 500°F was achieved w i t h  sodium dur ing  t e s t i n g  on 

Heat P ipe  No.  7 ( s e e  S e c t i o n  V I I ) .  

A n a l y t i c a l  models f o r  t h e  p r e d i c t i o n  of i n c i p i e n t  b o i l i n g  

s u p e r h e a t  have r e c e n t l y  been pub l i shed  by Hol tz  (25) and by Chen (26) .  The 

Hol tz  model i s  p a r t i c u l a r l y  i n t e r e s t i n g  because  i t  p r e d i c t s  a  p ressure -  

t empera tu re  h i s t o r y  e f f e c t  which i s  v e r i f i e d  reasonably  w e l l  by potass ium and 

sodium d a t a .  P r e s s u r e  p rov ides  t h e  major e f f e c t  and i n c r e a s e d  va lues  of super-  

h e a t  a r e  i n d i c a t e d  f o r  h i g h e r  p rev ious  sys tem p r e s s u r e s .  P r e d i c t i o n s  f o r  
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sodium from the  Hol tz  model a r e  shown i n  Figure 3. The ind i ca t ed  p re s su re  

e f f e c t  sugges ts  a  p recondi t ion ing  of hea t  pipes  by p r e s s u r i z a t i o n  be fo re  

a c t u a l  ope ra t i on  t o  i n c r e a s e  t he  b o i l i n g  l i m i t .  The e f f e c t  may a l s o  be 

dependent on t h e  o r i g i n a l  s u r f a c e  condi t ion ,  of course,  and l i t t l e  improvement 

may be  found f o r  su r f aces  which a r e  i n i t i a l l y  very smooth and clean.  
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The major des ign  c o n s i d e r a t i o n s  f o r  heat-pipe-cooled t h r u s t  chambers 

a r e :  ( a )  cho ice  of working f l u i d  and a p p r o p r i a t e  c o n t a i n e r  m a t e r i a l ,  (b)  

method of condenser c o o l i n g ,  ( c )  a l l o w a b l e  e v a p o r a t o r  h e a t  f l u x  l e v e l s ,  

(d) f a b r i c a t i o n  c a p a b i l i t i e s ,  ( e )  s i z e  and t o t a l  h e a t  t r a n s f e r  r a t e ,  ( f )  t h e  

s t a r t u p  p rocedure ,  and (g)  a c c e l e r a t i o n  and v i b r a t i o n  l e v e l s .  These a r e a s  

a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  paragraphs .  

A. WORKING FLUID 

Three  combinations of working f l u i d  and c o n t a i n e r  m a t e r i a l s  a r e  

cons idered  p o t e n t i a l l y  s u i t a b l e  f o r  t h r u s t  chamber a p p l i c a t i o n s :  sodium and 

n i d k e l ,  l i t h i u m  and molybdenum, s i l v e r  and TZM. These working f l u i d s  p rov ide  

a  wide range of o p e r a t i n g  t empera tu res ,  about  1 0 0 0 ° ~  t o  3600°F. They r a t e  

h i g h  from t h e  s t a n d p o i n t  of t o t a l  h e a t  t r a n s f e r  c a p a b i l i t y  ( s e e  f o r  example 

t h e  f i g u r e  of m e r i t  f o r  sodium i n  F igure  2) and t h e y  a r e  p o t e n t i a l l y  a p p l i -  

c a b l e  a t  c o n d i t i o n s  of h i g h  l o c a l  h e a t  f l u x  due t o  t h e i r  h i g h  thermal  conduc- 

t i v i t y .  The c a n d i d a t e  c o n t a i n e r  m a t e r i a l s  were chosen on t h e  b a s i s  of success-  

f u l  p rev ious  e x p e r i e n c e  a t  RCA and a t  t h e  Los Alamos S c i e n t i f i c  Laboratory .  

The sod ium/n icke l  h e a t  p i p e  sys tem was chosen f o r  t h e  OF 2 / B  2 6  H 

t h r u s t  chamber a p p l i c a t i o n  because  of t h e  good c o m p a t i b i l i t y  of n i c k e l  and t h e  

combustion p roduc t s  a t  t h e  w a l l  t empera tu re  l e v e l s  necessa ry  f o r  sodium h e a t  

p i p e s  (1400 t o  1800°F).  Higher  l o c a l  h e a t  f l u x  and t o t a l  h e a t  t r a n s f e r  r a t e  

v a l u e s  may b e  p o s s i b l e  w i t h  l i t h i u m  and s i l v e r  h e a t  p i p e s  b u t  t h e  c o n t a i n e r  

m a t e r i a l s  f o r  t h e s e  working f l u i d s  have n o t  been shown t o  be  compatible w i t h  

OF / B  H combustion gases  a t  t h e  r e q u i r e d  o p e r a t i n g  t empera tu res  (about  2500°F 
2 2 6  

f o r  l i t h i u m  and 3500°F f o r  s i l v e r ) .  Graph i te  l i n e d  h e a t  p i p e  t h r u s t  chambers 

may p r o v i d e  a  s o l u t i o n  t o  t h i s  problem f o r  o t h e r  p r o p e l l a n t  combinations.  

Page 17 



Report  697-1 

111, T h r u s t  Chamber Design Cons idera t ions  (cant.) 

B . CONDENSER COOLING 

Heat p i p e  c o o l i n g  of t h r u s t  chambers is f e a s i b l e  on ly  i f  a s u i t -  

a b l e  means o f  c o o l i n g  t h e  h e a t  p i p e  condenser is a v a i l a b l e .  Condenser c o o l i n g  

can b e  accomplished by one o f  t h r e e  e x i s t i n g  t h r u s t  chamber c o o l i n g  t echn iques  

which c h a r a c t e r i z e  t h e  t h r e e  concepts  e v a l u a t e d  i n  S e c t i o n  IV:  r e g e n e r a t i v e  

c o o l i n g ,  r a d i a t i o n  c o o l i n g ,  and i n t e r n a l  r e g e n e r a t i v e  coo l ing .  

I n  t h e  r e g e n e r a t i v e  cooled system,  h e a t  is  t r a n s m i t t e d  through t h e  

h e a t  p i p e  t o  one o r  b o t h  o f  t h e  p r o p e l l a n t s  a t  a  h e a t  f l u x  l e v e l  s u b s t a n t i a l l y  

lower t h a n  e x i s t s  a t  t h e  t h r u s t  chamber w a l l .  This  h e a t  f l u x  r e d u c t i o n  is 

a l s o  conducive t o  t h e  u t i l i z a t i o n  of t h e  r e l a t i v e l y  low h e a t  f l u x e s  o b t a i n a b l e  

w i t h  thermal  r a d i a t i o n  f o r  condenser coo l ing .  Heat p i p e s  p rov ide  t h e  u l t i m a t e  

i n  w a l l  thermal  conductance and could  r e p l a c e  t h e  h e a v i e r  h i g h  the rmal  conduc- 

t i v i t y  m e t a l  w a l l s  (copper ,  b e r y l l i u m )  c u r r e n t l y  b e i n g  used i n  i n t e r n a l  regen- 

e r a t i v e  cooled systems.  These concepts  a r e  i l l u s t r a t e d  i n  F igure  4 and d i s -  

cussed i n  d e t a i l  i n  S e c t i o n  V. 

C. EVAPORATOR HEAT FLUX 

The e v a p o r a t o r  wick h e a t  f l u x  l i m i t  is one of t h e  more c r u c i a l  

a s p e c t s  of h e a t  p i p e  t h r u s t  chamber d e s i g n  and is  h i g h l y  dependent on t h e  
2  

e v a p o r a t o r  wick.  Maximum h e a t  f l u x e s  i n  t h e  range of 4 t o  6 B t u / i n .  s e c  a r e  

a n t i c i p a t e d  d u r i n g  s t e a d y  s t a t e  o p e r a t i o n  of t h e  heat-pipe-cooled OF 2 / B  2 6  H 

s p a c e  engine.  An e v a p o r a t o r  h e a t  f l u x  c a p a b i l i t y  i n  t h e  range of 6  t o  8 Btu/  

i n . 2  s e c  is t h e r e f o r e  d e s i r a b l e  t o  p rov ide  an adequate  s a f e t y  margin. 

Evapora to r  h e a t  f l u x  l i m i t s  had n o t  been exp lored  e x t e n s i v e l y  

p r i o r  t o  t h i s  program. The h e a t  f l u x e s  which had been achieved by LASL and 
2  

RCA were  1 .34 ~ t u / i n . ~  s e c  f o r  a  sodium h e a t  p i p e  and 2 .75  B t u l i n .  s e c  f o r  a  
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111, C ,  Evapora to r  Heat F lux  ( c o n t . )  

l i t h i u m  h e a t  p i p e .  These a r e  low h e a t  f l u x  l e v e l s  by t h r u s t  chamber s t a n d a r d s  

b u t  i t  is  emphasized t h a t  t h e s e  a r e  achievement l e v e l s  and n o t  n e c e s s a r i l y  

l i m i t s .  R e i s s  and Schretzmann r e p o r t  a  b o i l i n g  l i m i t  h e a t  f l u x  of  12.2 Btu/  
2 

i n .  s e c  i n  a  sodium h e a t  p i p e ;  however, t h e i r  d a t a  a r e  d i f f i c u l t  t o  i n t e r p r e t  

because  of  two-dimensional conduc t ion  e f f e c t s .  It is  b e l i e v e d  t h a t  t h e i r  i n p u t  
2 

h e a t  f l u x  of  1 . 8  B t u / i n .  s e c  is  a  more a p p r o p r i a t e  v a l u e  f o r  comparison t o  

o t h e r  sys tems (27) .  

The d e s i r e d  e v a p o r a t o r  h e a t  f l u x  range h a s  been approached d u r i n g  
2  r e c e n t  t e s t i n g  on sodium h e a t  p i p e s .  A h e a t  f l u x  of 5 B t u / i n .  s e c  was ach ieved  

w i t h  a  c y l i n d r i c a l - s h a p e d  d e v i c e  on t h i s  program ( s e e  S e c t i o n  VI I )  and a  peak 
L 

h e a t  f l u x  of  5 .6  B t u / i n .  s e c  was reached  w i t h  an  a n n u l a r  c o n f i g u r a t i o n  on a n  

Aero j e t  I R & 3  t e s t  program. 

D . FABRICATION 

The f e a s i b i l i t y  of  f a b r i c a t i n g  heat -pipe-cooled t h r u s t  chambers 

was demonstra ted  on t h i s  program by t h e  f a b r i c a t i o n  of  a  non-optimized des ign .  

C o n s t r u c t i o n  of  t h i s  t h r u s t  chamber comprised t h e  f a b r i c a t i o n  exper iment  which 

i s  d e s c r i b e d  i n  S e c t i o n  V I .  The completed t h r u s t  chamber was h e a t e d  a t  a low 

h e a t  f l u x  and was found t o  f u n c t i o n  as a  h e a t  p i p e .  

E. PHYSICAL SIZE AND TOTAL HEAT TRANSFER RATE 

Technology l e v e l  l i m i t s  w i t h  r e g a r d  t o  t o t a l  h e a t  t r a n s f e r  capa- 

b i l i t y  and p h y s i c a l  s i z e  a r e  encoun te red  when a p p l y i n g  t h e  h e a t  p i p e  p r i n c i p l e  

t o  t h r u s t  chamber c o o l i n g .  A maximum t o t a l  thermal  l o a d  of 17  B t u / s e c  h a s  

been t r a n s p o r t e d  v i a  a  h e a t  p i p e  and t h i s  c a p a b i l i t y  must b e  i n c r e a s e d  by more 

t h a n  a n  o r d e r  of  magnitude f o r  r e l a t i v e l y  s m a l l  r o c k e t  eng ine  a p p l i c a t i o n s .  

P h y s i c a l  s i z e  i s  n o t  a  p a r t i c u l a r  problem f o r  t h e  a p p l i c a t i o n  c u r r e n t l y  b e i n g  
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111, E, P h y s i c a l  S i z e  and T c t a l  Heat T r a n s f e r  Rate  ( c a n t , )  

cons idered  b u t  may become, troublesome i n  t h e  f u t u r e .  These technology l i m i t s  

can b e  s i g n i f i c a n t l y  extended through exper ience  s i n c e  they a r e  e s s e n t i a l l y  a 

matter of s c a l e  and t echn ique  i n  h e a t  p i p e  f a b r i c a t i o n  and p rocess ing .  

F. STARTUP 

There a r e  two major a s p e c t s  of t h e  s t a r t u p  problem: (1) t h e  h e a t  

p i p e  must b e  "thawed" b e f o r e  t h e  e v a p o r a t o r  working f l u i d  is  d e p l e t e d ,  and 

(2)  t h e  maximum h e a t  t r a n s p o r t  r a t e  is l i m i t e d  a t  low h e a t  p i p e  t empera tu res .  

The scope  of t h e  p r e s e n t  c o n t r a c t  d i d  n o t  a l low f o r  r i g o r o u s  i n v e s t i g a t i o n  of 

s t a r t u p  procedures  ; however, s u f f i c i e n t  exper imenta l  and a n a l y t i c a l  work was 

conducted t o  i n d i c a t e  t h a t  s t a r t u p  i s  n o t  an insurmountable  problem. One o f  

t h e  RCA c y l i n d r i c a l  t e s t  dev ices  was t e s t e d  w i t h  s t e p  i n p u t  h e a t  f l u x  and i t  

was found t h a t  r e l a t i v e l y  h i g h  h e a t  f l u x e s  could  b e  accommodated when t h e  

sodium was i n i t i a l l y  a low tempera tu re  l i q u i d  ( s e e  S e c t i o n  VII)  . It is  

b e l i e v e d  t h a t  t h e  problems a s s o c i a t e d  w i t h  t h e  r a p i d  s t a r t u p  of r o c k e t  engines  

can b e  avoided through design.  A h e a t  p i p e  des ign  f o r  r a p i d ,  h igh  h e a t  f l u x  

starts w i t h  s o l i d  sodium was conceived and is d i s c u s s e d  i n  S e c t i o n  V I I .  I f  

n e c e s s a r y ,  a programmed s t a r t u p  r a t e  can b e  u t i l i z e d  t o  a l l e v i a t e  t h e  problems 

of s t a r t u p .  

G. ACCELERATION AND VIBRATION 

Heat p i p e  performance can b e  s i g n i f i c a n t l y  degraded by a c c e l e r a -  

t i o n  f o r c e s  s i n c e  t h e  pumping c a p a b i l i t y  of a c a p i l l a r y  wick i s  somewhat 

l i m i t e d .  Much of t h e  e x i s t i n g  h e a t  p i p e  d a t a  has  been o b t a i n e d  working a g a i n s t  

a l g  g r a v i t a t i o n a l  f i e l d .  The a c c e l e r a t i o n  e f f e c t s  a r e  d e f i n i t e l y  s i z e  s e n s i -  

t i v e  ( l o n g e r  p i p e s  g i v e  g r e a t e r  h y d r o s t a t i c  e f f e c t s )  and a r e  r e a d i l y  t r e a t e d  

a n a l y t i c a l l y .  A l g  a c c e l e r a t i o n  l e v e l  i s  n o t  s e v e r e  f o r  a l i q u i d  m e t a l  sys tem 

and t h i s  is t h e  maximum a c c e l e r a t i o n  c u r r e n t l y  assumed. 
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111, G ,  A c c e l e r a t i o n  and V i b r a t i o n  ( c o n t . )  

I t  is  b e l i e v e d  t h a t  h i g h e r  a c c e l e r a t i o n s  can be  accommodated by 

p roper  des ign .  Opera t ion  a t  q u i t e  h igh  a c c e l e r a t i o n s  may be p o s s i b l e  by l o c a t -  

i n g  t h e  condenser forward of t h e  e v a p o r a t o r  s o  t h a t  a c c e l e r a t i o n  e f f e c t s  a i d  

i n  t h e  r e t u r n  of l i q u i d  working f l u i d  t o  t h e  evapora to r  and only  t h e  r e l a t i v e l y  

low d e n s i t y  vapor f lows i n  t h e  d i r e c t i o n  o f  t h e  a c c e l e r a t i o n .  

The i n f l u e n c e  of t h r u s t  chamber v i b r a t i o n s  on h e a t  p i p e  p e r f o r -  

mance i s  an  a r e a  of u n c e r t a i n t y .  However, a  s t u d y  r e p o r t e d  f o r  a  w a t e r  h e a t  

p i p e  (Ref.  26)  i n d i c a t e s  t h a t  v i b r a t i o n  i s  b e n e f i c i a l  t o  h e a t  p i p e  performance.  

This u n i t  was n o t  t e s t e d  n e a r  i t s  maximum power l e v e l  b u t  i t  appears  p o s s i b l e  

t h a t  v i b r a t i o n  may enhance t h e  h e a t  f l u x  c a p a b i l i t i e s  of h e a t  p ipes  by i n h i b i t -  

i n g  bubble  format ion i n  t h e  evapora to r  wick.  
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I V .  CONCEPT EVALUATION 

A n a l y t i c a l  s t u d i e s  were conducted t o  e v a l u a t e  des ign  concepts  f o r  hea t -  

pipe-cooled OF / B  H t h r u s t  chambers which i n c o r p o r a t e  r e g e n e r a t i v e ,  r a d i a t i o n ,  
2  2 6  

and i n t e r n a l  r e g e n e r a t i v e  cooled condensers .  These t h r e e  concepts  a r e  i l l u s -  

t r a t e d  i n  F igure  4. Methods of a n a l y s i s  and t h e  r e s u l t s  o b t a i n e d  are given i n  

t h e  f o l l o w i n g  s e c t i o n s  and t h e  range o f  o p e r a t i n g  c o n d i t i o n s  cons idered  a r e  

shown below. 

T h r u s t  100 t o  100,000 l b  

Chamber P r e s s u r e  10 t o  500 p s i a  

P r o p e l l a n t s  oF,/B2H6 

Mixture  R a t i o  3.0 

C o n t r a c t i o n  R a t i o  1.56 

Sodium/nickel  h e a t  p i p e s  and t h e  1000 l b f  t h r u s t ,  100 p s i a  chamber p r e s s u r e  

o p e r a t i n g  c o n d i t i o n  were emphasized i n  t h e  ana lyses  because  t h i s  h e a t  p i p e  

sys tem and o p e r a t i n g  c o n d i t i o n  are planned f o r  t h e  working model des ign  which 

w i l l  b e  des igned and f a b r i c a t e d  dur ing  t h e  n e x t  y e a r .  

A c o n i c a l  t h r u s t  chamber geometry w i t h  7.5 i n .  LA, 15" d ivergence  a n g l e ,  

and v a r i a b l e  e x i t  a r e a  r a t i o  were  assumed i n  t h e  i n t e r n a l - r e g e n e r a t i v e  and 

r a d i a t i o n  cooled c a l c u l a t i o n s .  A 12 i n .  L;k geometry w i t h  c y l i n d r i c a l  combus- 

t i o n  chamber and 511  e x i t  a r e a  r a t i o  was used i n  t h e  r e g e n e r a t i v e  cooled 

a n a l y s i s .  Both t h r u s t  chamber c o n f i g u r a t i o n s  a r e  shown i n  F igure  5 .  I n  bo th  

c a s e s ,  combustion chamber L A  was assumed c o n s t a n t  f o r  a l l  t h r u s t s  and chamber 

p r e s s u r e s .  The 12 L;? c o n f i g u r a t i o n  has  been des igna ted  by JPL a s  t h e  t h r u s t  

chamber geometry f o r  t h e  working model des ign.  The 7.5 i n .  L;k geometry was 

u t i l i z e d  on a prev ious  0 F 2 / ~ 2 H 6  program (27) and i n  t h e  f a b r i c a t i o n  exper iment  

on t h i s  program. 

A s  a  r e s u l t  of  t h e s e  concept  e v a l u a t i o n  s t u d i e s ,  t h e  r e g e n e r a t i v e  

cooled condenser concept  was chosen f o r  t h e  working model des ign .  This  des ign  

i s  d i s c u s s e d  f u r t h e r  i n  S e c t i o n  V I I I .  
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I V ,  Concept Eva lua t ion  (con t .  ) 

A .  REGENERATIVE COOLED CONDENSER CONCEPT 

1. Concept D e s c r i p t i o n  

I n  a  r e g e n e r a t i v e  cooled system t h e  e n t i r e  t h r u s t  chamber 

w a l l  f u n c t i o n s  a s  a  h e a t  p i p e  e v a p o r a t o r .  The w a l l  c o n s i s t s  of a  s t r u c t u r a l  

l a y e r  of n i c k e l  backed by an  e v a p o r a t o r  wick which c o n t a i n s  working f l u i d  i n  

t h e  l i q u i d  s t a t e .  Heat from t h e  combustion gases  vapor izes  t h e  working f l u i d  

and t h e  vapors  f low i n  a  r a d i a l  d i r e c t i o n  t o  t h e  condenser which surrounds t h e  

e v a p o r a t o r .  During t h e  condensat ion p r o c e s s ,  h e a t  i s  t r a n s f e r r e d  t o  t h e  cool- 

i n g  j a c k e t  through a n  a p p r o p r i a t e  condenser w a l l  t he rmal  r e s i s t a n c e .  The 

r e t u r n  of l i q u i d  working f l u i d  t o  t h e  e v a p o r a t o r  i s  f a c i l i t a t e d  by r a d i a l l y  

o r i e n t e d  flow passages  which connect t h e  condenser and e v a p o r a t o r  wicks .  

The h e a t  f l u x  t r a n s m i t t e d  t o  t h e  c o o l i n g  j a c k e t  i s  substan-  

t i a l l y  lower than a t  t h e  t h r u s t  chamber w a l l  because  of t h e  l a r g e r  s u r f a c e  

a r e a  ( h e a t  f l u x  t r a n s f o r m e r  c h a r a c t e r i s t i c ) .  I n  a d d i t i o n ,  s u f f i c i e n t  longi-  

t u d i n a l  and c i r c u m f e r e n t i a l  vapor f low occurs  t o  e q u a l i z e  t h e  vapor p r e s s u r e  

a t  t h e  condenser s u r f a c e  and thereby produce a  r e l a t i v e l y  uniform c o o l i n g  

j a c k e t  h e a t  f l u x  ( h e a t  f l u x  averag ing  c h a r a c t e r i s t i c ) .  

Consequently,  t h e  c o o l a n t  passage  d e s i g n  f o r  a  r e g e n e r a t i v e  

cooled h e a t  p i p e  t h r u s t  chamber i s  l e s s  complex than i n  a  conven t iona l  regen- 

e r a t i v e  sys tem and t h e  l i m i t s  due t o  c r i t i c a l  h e a t  f l u x ,  p r e s s u r e  drop,  o r  

t o t a l  h e a t  c a p a c i t y  a r e  e l i m i n a t e d  o r  s i g n i f i c a n t l y  extended.  I n  a d d i t i o n ,  

t h e  h e a t  p i p e  t ends  t o  a c t  a s  a  " h e a t  d i s t r i b u t o r f f  a s  t h e  l o c a l  r eg ions  which 

tend t o  o p e r a t e  a t  h i g h e r  temperatures  w i l l  r e c e i v e  l e s s  h e a t .  This  mechanism 

w i l l  p r e v e n t  t h e  occur rence  of l o c a l  c o o l a n t  passage  burnou t .  Two-phase flow 

and a complete change of phase  ( l i q u i d  t o  gas)  w i t h i n  t h e  c o o l a n t  passages  

appear  f e a s i b l e .  
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I V ,  A ,  Regenera t ive  Cooled Condenser Concept (con t . )  

The d e s i g n  approach f o r  a  r e g e n e r a t i v e l y  cooled condenser 

w i l l  b e  t o  a c h i e v e  a  s u f f i c i e n t l y  low condenser h e a t  f l u x  s o  t h a t  t h e  r e q u i r e d  

condenser thermal  r e s i s t a n c e  i s  much l a r g e r  than  t h e  thermal  r e s i s t a n c e  i n  t h e  

c o o l a n t  boundary l a y e r .  The excess  thermal  r e s i s t a n c e  w i l l  b e  b u i l t  i n t o  t h e  

condenser w a l l  s o  t h a t  l a r g e  v a r i a t i o n s  i n  c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  

( n u c l e a t e  b o i l i n g  t o  f i l m  b o i l i n g  f o r  example) w i l l  y i e l d  r e l a t i v e l y  s m a l l  

v a r i a t i o n s  i n  o v e r a l l  h e a t  t r a n s f e r  r a t e .  

2. Ana lys i s  

The f e a s i b i l i t y  of r e g e n e r a t i v e  c o o l i n g  t h e  condenser of a  

sodium h e a t  p i p e  (1500°F temperature)  w i t h  B H 6 ,  OF2, o r  b o t h  p r o p e l l a n t s  w a s  

e v a l u a t e d  on an  energy b a l a n c e  b a s i s  by comparing t h e  t o t a l  convec t ive  h e a t  

t r a n s f e r  rate t o  t h e  h e a t  r e q u i r e d  t o :  (1) i n c r e a s e  t h e  c o o l a n t  t empera tu re  

t o  t h e  s a t u r a t i o n  t empera tu re ,  (2 )  v a p o r i z e  t h e  c o o l a n t ,  and ( 3 )  i n c r e a s e  t h e  

vapor t empera tu re  t o  1500°F. This type  of a n a l y s i s  y i e l d s  a n  i n i t i a l  evalua-  

t i o n  of r e g e n e r a t i v e  coo l ing .  Other  f a c t o r s ,  such as p r e s s u r e  drop and c o o l a n t  

passage  geometry, s t a r t u p  phenomena, and shutdown phenomena must u l t i m a t e l y  b e  

cons idered  i n  d e s i g n i n g  a  r e g e n e r a t i v e l y  cooled system. It was assumed t h a t  

adequate  c o o l i n g  passages  can b e  des igned t o  accommodate t h e  a p p r o p r i a t e  r a t e  

o f  h e a t  t r a n s f e r  and no p r e s s u r e  drop,  s t a r t u p ,  o r  shutdown a n a l y s e s  were per-  

formed. The c r i t e r i o n  f o r  f e a s i b i l i t y  used was t h a t  t h e  c o o l a n t  s u p p l i e d  t o  

t h e  i n j e c t o r  must b e  e i t h e r  a l l  gas o r  a l l  l i q u i d  s o  t h a t  two-phase flow i n  

t h e  i n j e c t o r  is avoided.  

F igure  6  shows how t h e  r e g e n e r a t i v e  c o o l i n g  f e a s i b i l i t y  was 

e v a l u a t e d .  The @ l i n e s  r e p r e s e n t  t h e  h e a t  Q r e q u i r e d  t o  r a i s e  t h e  c o o l a n t  
1 

(OF2, B2H6, o r  OF and B H ) from t h e  i n l e t  t empera tu re  (-240°F) t o  t h e  b o i l -  
2  2  6  

i n g  p o i n t  a t  100 p s i a  p r e s s u r e .  The Q v a l u e s  i n c r e a s e  w i t h  t h r u s t  due t o  t h e  1 
i n c r e a s e  i n  f low r a t e s ,  
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Eq. 1 3  

Flow r a t e s  were  c a l c u l a t e d  u s i n g  100 p s i a  chamber p r e s s u r e  and 1000 l b  t h r u s t  

c o n d i t i o n  a s  a  r e f e r e n c e  case .  

The @ l i n e s  i n  F igure  6  g i v e  t h e  t o t a l  h e a t  Q r e q u i r e d  t o  
2  

complete ly  v a p o r i z e  t h e  c o o l a n t s ,  s t a r t i n g  from subcooled l i q u i d  a t  -240°F. 

- 
Q2 - Gc LCp ( T S a  + 240) + AH] 9 Eq. 14 

The @ l i n e s  i n  F igure  6 show t h e  maximum p o s s i b l e  h e a t  

t r a n s f e r  r a t e  which t h e  c o o l a n t  can absorb ,  termed Q which i s  t h e  h e a t  neces- 
3  ' 

s a r y  t o  b r i n g  t h e  vapor ized  c o o l a n t s  t o  1500°F ( t h e  assumed h e a t  p i p e  tempera- 

t u r e ) ,  s t a r t i n g  w i t h  subcooled l i q u i d  a t  -240°F. 

Eq. 1 5  

I n  t h e  f o r e g o i n g  c a l c u l a t i o n s ,  i t  was a l s o  assumed t h a t  t h e  p r e s s u r e  drop i n  

t h e  c o o l a n t  passages  and a c r o s s  t h e  i n j e c t o r  was 20% of t h e  c o o l a n t  p r e s s u r e .  

L iqu id  s p e c i f i c  h e a t s  were  taken from Reference 28 and i d e a l  gas s p e c i f i c  

h e a t s  (Ref. 29) w e r e  assumed f o r  t h e  OF and B H vapors .  The v a r i a t i o n  of 2 2 6  
l a t e n t  h e a t  w i t h  p r e s s u r e  was e s t i m a t e d  u s i n g  t h e  Watson method (Ref. 30) 

g iven  a s  Equat ion 16.  

Eq. 16 
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The dashed l i n e  i n  F igure  6  i s  t h e  t o t a l  convec t ive  h e a t  

t r a n s f e r  rate which t h e  c o o l a n t s  a r e  r e q u i r e d  t o  absorb  from t h e  combustion 

gases .  I n t e r s e c t i o n  of t h e  dashed l i n e  w i t h  t h e  o t h e r s  determined t h e  va lues  

of t h r u s t  and chamber p r e s s u r e  f o r  which t h e  c o o l a n t  i s  h e a t e d  t o  i t s  b o i l i n g  

p o i n t ,  complete ly  vapor ized ,  and h e a t e d  i n  t h e  gaseous s t a t e  t o  1500°F. The 

t o t a l  convec t ive  h e a t  t r a n s f e r  r a t e  was c a l c u l a t e d  through use  of an  average  
- 

h e a t  t r a n s f e r  c o e f f i c i e n t ,  h  a s  shown i n  Equat ion 17.  
g 9  

Eq. 17  

The r e l a t i o n s h i p s  used t o  e v a l u a t e  6 a r e  given i n  Appendix B. It was assumed 
g 

t h a t  t h e  t h r u s t  chamber o p e r a t e s  w i t h o u t  f i l m  o r  b a r r i e r  coo l ing .  Th is  assump- 

t i o n  t ends  t o  y i e l d  t o t a l  h e a t  loads  t h a t  a r e  c o n s e r v a t i v e .  

3.  Discuss ion  of R e s u l t s  

A s e r i e s  of p l o t s  s i m i l a r  t o  F igure  6 y i e l d e d  t h e  f i n a l  

r e s u l t s  shown i n  F i g u r e  7 which i s  a  f e a s i b i l i t y  c h a r t  f o r  r e g e n e r a t i v e  cool- 

i n g  a 1500°F h e a t  p i p e  t h r u s t  chamber w i t h  OF 2 ' B2Hg9  o r  b o t h  OF2 and B H 
2  6' 

An e x p l a n a t i o n  of t h i s  c h a r t  i s  given i n  t h e  fo l lowing  paragraphs .  

The t h r e e  curves  l a b e l e d  @ i n  t h e  upper r i g h t  hand c o r n e r  

of F i g u r e  7 r e p r e s e n t  t h e  combinations of t h r u s t  (F) and chamber p r e s s u r e  (P ) 
C 

which y i e l d  s a t u r a t e d  l i q u i d  a t  t h e  o u t l e t  of t h e  c o o l a n t  passages .  Thrust-P 
C 

combinations t o  t h e  r i g h t  of t h e s e  curves  (h igher  F, h i g h e r  P  ) y i e l d  sub- 
C 

coo led  l i q u i d ,  and two-phase flow is  encountered t o  t h e  l e f t  ( lower F, lower 

P C  The @ curves  t h e r e f o r e  d e f i n e  one boundary of t h e  two phase flow 

r e g i o n .  

S a t u r a t e d  vapor curves  a r e  l a b e l e d  a s  t h e  2  curves i n  0 
F i g u r e  7. They l i e  a t  a  s l i g h t  a n g l e  t o  t h e  h o r i z o n t a l  and f u r t h e r  d e f i n e  t h e  
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two phase  reg ion :  F-P combinations above t h e  curves  y i e l d  two phase flow a t  
C 

t h e  c o o l a n t  o u t l e t  w h i l e  superhea ted  vapor  i s  o b t a i n e d  f o r  t h e  F-P v a l u e s  
C 

below them. 

A maximum p o s s i b l e  h e a t  t r a n s f e r  r a t e  c o n d i t i o n  i s  d e f i n e d  by 

t h e  curves  l a b e l e d  3 which l i e  n e a r  t h e  bot tom of F igure  7 .  Thrust-P v a l u e s  0 C 

above t h e  curves  y i e l d  superhea ted  vapor a t  t h e  i n j e c t o r  a t  a  temperature  

between T and 1500°F. Opera t ion  a t  F-P combinations below t h e  @ curves  
sa t  c 

i s  n o t  p o s s i b l e  a t  t h e  assumed c o n d i t i o n s  s i n c e  t h i s  would r e q u i r e  o u t l e t  

t empera tu res  g r e a t e r  than t h e  h e a t  p i p e  temperature .  

I n  summary o f  F igure  7, i t  i s  c l e a r  t h a t  t h e  F-P combination 
C 

of a complete ly  r e g e n e r a t i v e l y  cooled system must l i e  e i t h e r  t o  t h e  r i g h t  of 

t h e  @ curves  (subcooled l i q u i d  a t  t h e  i n j e c t o r )  o r  between t h e  @ and @ 
curves  ( superhea ted  vapor)  i f  two-phase flow a t  t h e  i n j e c t o r  i s  t o  b e  avoided.  

Opera t ion  w i t h  subcooled l i q u i d  a t  t h e  i n j e c t o r  i s  p o s s i b l e  only  a t  h i g h  

v a l u e s  o f  t h r u s t ;  f o r  example, about  one m i l l i o n  l b  t h r u s t  i s  i n d i c a t e d  f o r  

100 p s i a  chamber p r e s s u r e .  Operat ion w i t h  superhea ted  vapor a t  t h e  o u t l e t  i s  

i n d i c a t e d  f o r  moderate t h r u s t  l e v e l s  (about  500 t o  10,000 l b  t h r u s t )  f o r  t h e  

chamber p r e s s u r e  range  e v a l u a t e d .  

The 100 ps ia /1000  l b f  o p e r a t i n g  p o i n t  i s  i n d i c a t e d  as  a  f e a s i -  

b l e  c o n d i t i o n  f o r  a  r e g e n e r a t i v e l y  cooled condenser w i t h  superheated-vapor a t  

t h e  o u t l e t .  F e a s i b i l i t y  i s  i n d i c a t e d  f o r  a l l  t h r e e  c o o l a n t  combinations:  0F2 
o n l y ,  B H on ly ,  and b o t h  OF2 and B H The h i g h e s t  vapor t empera tu re  i s  

2  6 2  6 '  
i n d i c a t e d  f o r  OF c o o l i n g  and t h e  lowest  vapor  t empera tu re  i s  i n d i c a t e d  f o r  

2  
b o t h  OF and 3 H coo l ing .  Other  f a c t o r s  such a s  sys tem des ign  r a m i f i c a t i o n s ,  

2  2 6 
chemical  r e a c t i o n  phenomena, s t a r t u p  c h a r a c t e r i s t i c s ,  and c o o l a n t  passage  

des ign  must b e  cons idered  b e f o r e  choosing among t h e s e  t h r e e  p o s s i b l e  regenera-  

t i v e  c o o l i n g  t echn iques .  The i n d i c a t e d  f e a s i b i l i t y  f o r  a  50 p s i a  chamber 
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p r e s s u r e ,  1000 l b f  t h r u s t  chamber is  much t h e  same a s  t h e  100 ps ia /1000  l b f  

case .  Boundary c o o l i n g  t ends  t o  d e c r e a s e  t h e  t o t a l  h e a t  t r a n s f e r  r a t e  and 

consequent ly  i f  F i g u r e  7  were drawn f o r  a boundary cooled t h r u s t  chamber t h e  

@ curves  would s h i f t  t o  t h e  l e f t  and t h e  @ and @ curves  would s h i f t  

downward. 

B. RADIATION COOLED CONDENSER CONCEPT 

1. Concept D e s c r i p t i o n  

A r a d i a t i o n  coo led  condenser is  a t t r a c t i v e  because  of i t s  

i n h e r e n t  s i m p l i c i t y ;  however, r e l a t i v e l y  h i g h  e x t e r i o r  temperatures  a r e  

r e q u i r e d  and h e a t  t r a n s f e r  t o  a d j a c e n t  s p a c e c r a f t  components can b e  apprec i -  

a b l e .  The des ign  is  v i r t u a l l y  t h e  same a s  d e s c r i b e d  f o r  t h e  r e g e n e r a t i v e  

cooled c a s e  excep t  t h a t  t h e  o u t e r  s u r f a c e  of t h e  condenser i s  a r a d i a t o r  

i n s t e a d  o f  a c o o l i n g  j a c k e t .  

2 .  Ana lys i s  

An a n a l y s i s  t o  e v a l u a t e  t h e  f e a s i b i l i t y  of t h e  r a d i a t i o n  

coo led  concept  was conducted by performing an  energy b a l a n c e  i n  which r a d i a -  

t i o n  h e a t  t r a n s f e r  t o  s p a c e  from a c y l i n d r i c a l  condenser s u r f a c e  and from t h e  

d i v e r g e n t  n o z z l e  s u r f a c e  was equated t o  t h e  convec t ive  h e a t  t r a n s f e r  from t h e  

combus t i o n  gases  t o  t h e  t h r u s t  chamber w a l l .  Design parameters  cons idered  

were condenser d iamete r ,  e x i t  a r e a  r a t i o ,  and h e a t  p i p e  temperature .  

The assumed geometry was such t h a t  t h e  diameter  of t h e  cy l in -  

d r i c a l  condenser ranged from one t o  two t i m e s  t h e  n o z z l e  e x i t  d iamete r .  This  

is  b e l i e v e d  t o  r e p r e s e n t  t h e  range o f  p r a c t i c a l  condenser s u r f a c e  a r e a s .  Large 

extended r a d i a t o r  s u r f a c e s  would b e  d i f f i c u l t  t o  c o n t a i n  i n  a compact launch 
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package and would a l s o  complicate  t h e  h e a t  p i p e  des ign .  I r r e g u l a r  o r  s t a r  

shaped condenser s u r f a c e s  may a l s o  b e  u t i l i z e d ;  however, t h e  i n c r e a s e d  a r e a  of 

t h e s e  c o n f i g u r a t i o n s  (over  a  smooth c y l i n d e r  and f o r  t h e  same diameter  

r e s t r a i n t s )  was s m a l l  enough t o  b e  n e g l e c t e d  i n  t h i s  f e a s i b i l i t y  a n a l y s i s ,  

The condenser l e n g t h  was assumed e q u a l  t o  t h e  t h r u s t  chamber l e n g t h .  

The t o t a l  convec t ive  h e a t  t r a n s f e r  r a t e  i n t o  t h e  t h r u s t  

chamber w a l l  was c a l c u l a t e d  from Equation 18. 

Eq. 1 8  

I t  i s  assumed t h a t  t h e  t h r u s t  chamber opera ted  w i t h o u t  bound- 

a r y  c o o l i n g  and t h e  t empera tu re  drop through t h e  h e a t  p i p e  was neg lec ted .  Gas- 

s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t s  were  c a l c u l a t e d  as a  f u n c t i o n  of t h r u s t ,  

chamber p r e s s u r e ,  and e x i t  a r e a  r a t i o  a s  d e s c r i b e d  i n  Appendix B.  

The f e a s i b i l i t y  c r i t e r i o n  used was s imply whether  o r  n o t  t h e  

t h r u s t  chamber h e a t  could  b e  r a d i a t e d  t o  space  from a condenser of a  s i z e  

w i t h i n  t h e  assumed geomet r ica l  c o n s t r a i n t s .  An a n a l y s i s  c o n s i d e r i n g  boundary 

c o o l i n g  would i n d i c a t e  s m a l l e r  condenser a r e a  requirements  than  t h o s e  

ob ta ined .  

Required condenser a r e a s  were  c a l c u l a t e d  from Equation 19.  

Eq. 19 

The s u r f a c e  a r e a  r a t i o s  R  and R2, d e f i n e d  by Equat ions  20 and 21, were used 
1 

t o  e v a l u a t e  t h e  f e a s i b i l i t y  of a  r a d i a t i o n  cooled system. F e a s i b i l i t y  was 

i n d i c a t e d  i f  t h e  R v a l u e  was l e s s  than o r  e q u a l  t o  1 , 0 ,  
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- Required Condenser Area (A) 
R1 - Area of Cyl inder  w i t h  Diameter = E x i t  Diameter Eq. 20 

- Required Condenser Area (A) 
R2 - Area of Cyl inder  w i t h  Diameter = 2 ( E x i t  Diameter)  Eq. 21 

3. Discuss ion  of R e s u l t s  

Some t y p i c a l  r e s u l t s  f o r  a  1500°F h e a t  p i p e  t h r u s t  chamber 

w i t h  5011 n o z z l e  e x i t  a r e a  r a t i o  a r e  shown i n  F igure  8. The r a t i o  R i s  shown 
1 

a s  a  f u n c t i o n  of chamber p r e s s u r e  and t h r u s t .  (The R2 r a t i o  behaves i n  a  

similar manner). The R va lues  i n c r e a s e  w i t h  chamber p r e s s u r e  ( f i x e d  t h r u s t )  
1 

because  h i g h e r  convec t ive  h e a t  t r a n s f e r  r a t e s  and s m a l l e r  condenser a r e a s  a r e  

o b t a i n e d  a s  t h e  chamber p r e s s u r e  is i n c r e a s e d .  I n c r e a s e d  t h r u s t  y i e l d s  

decreased  R v a l u e s  because  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  decrease  and t h e  
1 

condenser  a r e a  i n c r e a s e s  more than t h e  convec t ive  h e a t  t r a n s f e r  r a t e ,  

P l o t s  s i m i l a r  t o  F igure  8 were used t o  g e n e r a t e  t h e  r a d i a t i o n  

c o o l i n g  f e a s i b i l i t y  c h a r t s  shown i n  F igures  9 ,  10,  and 11. The va lues  of 

t h r u s t  and chamber p r e s s u r e  a t  which R and R e q u a l  1 . 0  a r e  shown f o r  h e a t  1 2 
p i p e  t empera tu res  of 1500°F (sodium working f l u i d ) ,  2500°F ( l i t h i u m ) ,  and 

3500°F ( s i l v e r ) .  The R c o n f i g u r a t i o n  i s  always f e a s i b l e  a t  h i g h e r  chamber 
2  

p r e s s u r e s  t h a n  t h e  R c o n f i g u r a t i o n  because  of t h e  h i g h e r  a v a i l a b l e  s u r f a c e  
1 

a r e a .  The f e a s i b l e  chamber p r e s s u r e  i n c r e a s e s  w i t h  e x i t  a r e a  r a t i o  because  

h i g h e r  a r e a  r a t i o s  y i e l d  l a r g e r  condenser s u r f a c e  a r e a s  and lower average  

e v a p o r a t o r  h e a t  f l u x e s .  

For  t h e  100 p s i a  chamber p r e s s u r e ,  1000 l b  t h r u s t  o p e r a t i n g  
f  

c o n d i t i o n ,  r a d i a t i o n  c o o l i n g  i s  n o t  f e a s i b l e  w i t h  a  sodium h e a t  p i p e  chamber 

because  e x c e s s i v e l y  l a r g e  condenser a r e a s  a r e  r e q u i r e d .  However, t h e  concept  

i s  f e a s i b l e  f o r  h i g h e r  t empera tu re  working f l u i d s .  . F e a s i b i l i t y  is  i n d i c a t e d  
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f o r  a r e a  r a t i o s  g r e a t e r  t h a n  about 2 5 / 1  f o r  l i t h i u m  h e a t  p i p e  t h r u s t  chambers 

and f o r  a r e a  r a t i o s  g r e a t e r  than about  511 f o r  h e a t  p i p e  chambers u t i l i z i n g  

s i l v e r  as  t h e  working f l u i d .  Li th ium and s i l v e r  were n o t  chosen a s  working 

f l u i d s  f o r  t h e  OF / B  H t h r u s t  chamber because  t h e  r e q u i r e d  c o n t a i n e r  m a t e r i a l s  
2 2 6  

(TZM, Ta-Sw) have n o t  been shown t o  be  compat ible  w i t h  t h e s e  p r o p e l l a n t s  and 

t h e i r  combustion p roduc t s  a t  t h e  r e q u i r e d  o p e r a t i n g  t empera tu res .  

The condenser a r e a  requirement  f o r  a  sodium working f l u i d  

t h r u s t  chamber i s  reduced a t  lower chamber p r e s s u r e s  because  of t h e  lower h e a t  

load .  A t  t h e  50 p s i a  chamber p r e s s u r e  and 1000 l b  o p e r a t i n g  c o n d i t i o n ,  a  
f  

n o z z l e  e x i t  a r e a  r a t i o  of about 100 is  r e q u i r e d .  

C. INTERNAL REGENERATIVE COOLED CONDENSER CONCEPT 

1. Concept D e s c r i p t i o n  

The i n t e r n a l  r e g e n e r a t i v e  sys tem d i f f e r s  from t h e  regenera-  

t i v e  and r a d i a t i o n  cooled system i n  t h a t  b o t h  t h e  e v a p o r a t o r  and condenser a r e  

l o c a t e d  on t h e  t h r u s t  chamber w a l l .  I n  t h e  condenser r e g i o n ,  l o c a t e d  n e a r  t h e  

i n j e c t o r ,  h e a t  is t r a n s f e r r e d  i n t o  f u e l  f i l m  c o o l a n t  which i s  i n j e c t e d  a long  

t h e  w a l l .  The e v a p o r a t o r  r e g i o n  i s  l o c a t e d  downstream where s u f f i c i e n t  mixing 

of t h e  f i l m  c o o l a n t  and c o r e  gas  s t reams  h a s  occurred t o  produce h e a t  f low 

i n t o  t h e  w a l l .  Vapor f lows a x i a l l y  forward t o  t h e  condenser and t h e  condensed 

l i q u i d  flows a x i a l l y  towards t h e  n o z z l e  e x i t  p l a n e  through a x i a l  f low passages  

o r  a r t e r i e s  and w i t h i n  t h e  condenser and evapora to r  wicks .  

P r a c t i c a l  des ign  c o n s i d e r a t i o n s  d e t r a c t  from t h e  i n t e r n a l  

r e g e n e r a t i v e  concept  because  of t h e  complex t h r u s t  chamber w a l l  des ign  which 

i s  r e q u i r e d .  I n  t h e  condenser r e g i o n ,  a  low h e a t  f l u x  o u t  of t h e  w a l l  is 

d e s i r e d  f o r  a r e l a t i v e l y  l a r g e  t empera tu re  drop (about e q u a l  t o  T -T ) and 
Hp s a t  

t h e r e f o r e  a h i g h  w a l l  thermal  r e s i s t a n c e  i s  r e q u i r e d .  The o p p o s i t e  c o n d i t i o n  
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e x i s t s  i n  t h e  e v a p o r a t o r  r e g i o n  where a low w a l l  the rmal  r e s i s t a n c e  i s  needed 

s o  t h a t  a r e l a t i v e l y  h i g h  h e a t  f l u x  may flow i n t o  t h e  w a l l  w i t h o u t  producing 

e x c e s s i v e  w a l l  t empera tu res .  There fore ,  a v a r i a b l e  thermal  r e s i s t a n c e  w a l l  i s  

i n d i c a t e d .  The d e s i g n  and u l t i m a t e  o p e r a t i n g  t empera tu re  of such a w a l l  a r e  

h i g h l y  dependent on t h e  gas s i d e  boundary c o n d i t i o n s  and t h e s e  a r e  d i f f i c u l t  

t o  a c c u r a t e l y  p r e d i c t  i n  an  i n t e r n a l  r e g e n e r a t i v e  system. I n  a d d i t i o n ,  i t  h a s  

ve ry  r e c e n t l y  been r e p o r t e d  (1) t h a t  on ly  r e l a t i v e l y  s m a l l  l i q u i d  f i l m  l e n g t h s  

can b e  mainta ine~d w i t h  l i q u i d  B H due t o  i t s  thermophysical  p r o p e r t i e s  and 
2 6 

t h e r e f o r e  i n t e r n a l  r e g e n e r a t i v e  c o o l i n g  does n o t  appear  a t t r a c t i v e  f o r  t h i s  

p r o p e l l a n t .  However, t h e  i n t e r n a l  r e g e n e r a t i v e  concept  p r e s e n t s  a l e s s  s e v e r e  

s t a r t u p  problem than  t h e  r e g e n e r a t i v e  concept and appears  advantageous i n  t h i s  

r e s p e c t .  For  t h i s  r eason  t h e  concept  was r e t a i n e d  f o r  t h e  purpose  of t h i s  

a n a l y s i s .  

2. Ana lys i s  

A s i m p l i f i e d  a n a l y s i s  of a sodium h e a t  p i p e  t h r u s t  chamber 

w i t h  a n  i n t e r n a l  r e g e n e r a t i v e  cooled condenser was conducted which p rov ides  a n  

e v a l u a t i o n  of t h e  r e l a t i v e  e f f e c t s  of t h r u s t  and chamber p r e s s u r e  on t h e  feas -  

i b i l i t y  o f  t h i s  concept .  The more r e f i n e d  a n a l y t i c a l  models a v a i l a b l e  (Ref. 31 

f o r  example) were  n o t  u t i l i z e d  because  they a r e  d i f f i c u l t  t o  app ly  i n  a s tudy  

which c o n s i d e r s  such  a l a r g e  range of o p e r a t i n g  c o n d i t i o n s .  The a n a l y s i s  con- 

s i s t e d  of two p a r t s :  t h e  l i q u i d  f i l m  cooled r e g i o n  ( h e a t  t r a n s f e r  ou t  of t h e  

w a l l )  and t h e  gas f i l m  cooled r e g i o n  l o c a t e d  downstream of t h e  l i q u i d  f i l m  

cooled r e g i o n  (mostly h e a t  t r a n s f e r  i n t o  t h e  w a l l ) .  A f i l m  c o o l a n t  f low r a t e  

e q u a l  t o  40% of t h e  t o t a l  f u e l  f low r a t e  was assumed. 

L i q u i d  f i l m  cooled l e n g t h s  were  e s t i m a t e d  by performing an 

energy ba lance  on t h e  l i q u i d  f i l m .  The energy b a l a n c e  used,  w r i t t e n  a s  

Equat ion 2 2 ,  t e n d s  t o  y i e l d  o p t i m i s t i c  v a l u e s  of l i q u i d  l e n g t h  because e n t r a i n -  

ment of t h e  l i q u i d  by combustion gases  was n e g l e c t e d .  However, the procedure  
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used t o  e s t i m a t e  h e a t  t r a n s f e r  downstream of t h e  l i q u i d  l e n g t h  i s  c o n s e r v a t i v e  

and t h i s  t ends  t o  compensate f o r  t h e  l a c k  of en t ra inment  c o n s i d e r a t i o n s .  

Heat Required t o  Heat T r a n s f e r  Heat T r a n s f e r  
Vaporize L iqu id  = D i r e c t l y  from + from t h e  Heat 
Fi lm Coolant Combus t i o n  Gases P ipe  Condenser 

w (Cp ATsub + AH) = h  5 (Tr - Tsat F  c  ) + Z i  h  Ai (T - Tlq) Eq. 22 
g  g i Fi 

Fi lm c o o l a n t  temperatures  i n  t h e  gas f i l m  cooled r e g i o n  were 

e s t i m a t e d  from a  s i m p l i f i e d  v e r s i o n  of one of A e r o j e t ' s  gaseous f i l m  c o o l i n g  

models. The manner i n  which t h i s  was done i s  d e s c r i b e d  i n  Appendix B .  

The c r i t e r i o n  f o r  f e a s i b i l i t y  used was t h a t  t h e  h e a t  f l u x  

from t h e  condenser t o  t h e  l i q u i d  f u e l  f i l m  c o o l a n t  could  be no g r e a t e r  than  
2  

1 . 0  B t u / i n .  s e c .  Th i s  h e a t  f l u x  i s  d e f i n e d  by Equat ion 23. 

Eq. 23 

This  maximum h e a t  f l u x  c r i t e r i o n  i s  i n d i c a t e d  by t h e  B H 
2  6 

f i l m  c o o l i n g  t e s t  r e s u l t s  o b t a i n e d  on Cont rac t  NAS 7-659 which show t h a t  a 

n u c l e a t e - b o i l i n g - l i k e  h e a t  t r a n s f e r  mechanism can be  mainta ined i n  a  B H 
2  6  

l i q u i d  f i l m  a t  h e a t  f l u x e s  below 1 .0  ~ t u / i n .  s e c  (Ref.  31) . This  nuc lea te -  

b o i l i n g - l i k e  mechanism is d e s i r a b l e  f o r  main ta in ing  h i g h  l iquid-f i lm-to-wal l  

h e a t  t r a n s f e r  c o e f f i c i e n t s  and r e l a t i v e l y  low w a l l  t empera tu res .  High w a l l  

t empera tu res  (lOOO°F o r  more) and u n d e s i r a b l e  B2H6 decomposit ion a r e  l i k e l y  

t o  occur  a t  h i g h e r  h e a t  f l u x e s .  The Cont rac t  NAS 7-659 d a t a  were o b t a i n e d  a t  

-110°F i n l e t  t empera tu re  and t h e  maximum h e a t  f l u x  may b e  h i g h e r  f o r  t h e  lower 

i n l e t  t empera tu res  (about  -240°F) a n t i c i p a t e d  i n  a n  a c t u a l  s p a c e  miss ion.  

A d d i t i o n a l  t e s t i n g  i s  needed t o  i n v e s t i g a t e  t h i s  p o s s i b i l i t y .  
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3. Discuss ion  of R e s u l t s  

Some t y p i c a l  h e a t  f l u x  r e s u l t s  o b t a i n e d  f o r  an e v a p o r a t o r  

w a l l  t empera tu re  of 1500°F ( r e p r e s e n t a t i v e  of a  sodium h e a t  p i p e )  a r e  shown 

as a f u n c t i o n  of t h r u s t  and chamber p r e s s u r e  i n  F igure  12. The h e a t  f l u x  

i n c r e a s e s  w i t h  chamber p r e s s u r e  ( f o r  a  g iven t h r u s t )  due t o  t h e  i n c r e a s e d  h e a t  

t r a n s f e r  r a t e s .  The e f f e c t  of chamber p r e s s u r e  is more pronounced f o r  s m a l l  

a r e a  r a t i o s .  This is  because  t h e  h  and T  va lues  bo th  change w i t h  chamber 
g  f  

p r e s s u r e  i n  t h e  chamber-throat-low a r e a  r a t i o  reg ion  whereas T approaches a  
f  

c o n s t a n t  a t  t h e  l a r g e r  a r e a  r a t i o s  and on ly  h  v a r i e s  a p p r e c i a b l y  w i t h  p r e s -  
g  

s u r e .  I n c r e a s e d  t h r u s t  a t  f i x e d  chamber p r e s s u r e  y i e l d s  a  reduced h e a t  f l u x  

due t o  t h e  corresponding i n c r e a s e  i n  f i l m  c o o l a n t  f low r a t e .  

A c r o s s  p l o t  of r e s u l t s  such a s  those  i n  F igure  1 2  y i e l d e d  

t h e  f e a s i b i l i t y  c h a r t  f o r  i n t e r n a l  r e g e n e r a t i v e  c o o l i n g ,  F i g u r e  13.  Combina- 

t i o n s  of t h r u s t  and chamber p r e s s u r e  which y i e l d  a  1 . 0  ~ t u / i n . ~  s e c  h e a t  f l u x  

a r e  i n d i c a t e d  by a family  of curves  w i t h  e x i t  a r e a  r a t i o  a s  a  parameter .  

Thrust-chamber p r e s s u r e  combinations t o  t h e  r i g h t  of t h e s e  curves  a r e  n o t  

f e a s i b l e  because  t h e  h e a t  f l u x  i s  e x c e s s i v e .  S i m i l a r l y  F-P v a l u e s  t o  t h e  
C 

l e f t  of t h e  curves  y i e l d  an a l l o w a b l e  h e a t  f l u x  and a r e  t h e r e f o r e  cons idered  

f e a s i b l e .  I n  g e n e r a l ,  t h e  most f a v o r a b l e  c o n d i t i o n s  e x i s t  a t  low chamber 

p r e s s u r e  and h igh  t h r u s t .  

For t h e  100 p s i a  chamber p r e s s u r e  and 1000 l b  t h r u s t  operat -  
f  

i n g  c o n d i t i o n ,  f e a s i b l e  o p e r a t i o n  i s  i n d i c a t e d  f o r  a  1 . 0  e x i t  a r e a  r a t i o  b u t  

n o t  f o r  e x i t  a r e a  r a t i o s  g r e a t e r  t h a n  1 . 0 .  This  does n o t  p r o v i d e  f o r  a n  

a c c e p t a b l e  t h r u s t  chamber c o n f i g u r a t i o n  and t h e r e f o r e  t h e  concept  does n o t  

appear  a p p l i c a b l e  t o  t h e  OF 2  / B  2 6  H t h r u s t  chamber. 

L imi ted  f e a s i b i l i t y  is  i n d i c a t e d  f o r  o p e r a t i o n  a t  50 p s i a  

chamber p r e s s u r e  and 1000 l b  t h r u s t ,  a s  e x i t  a r e a  r a t i o s  up t o  about  2 appear  
f  
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a l l o w a b l e .  This  i n d i c a t i o n ,  o b t a i n e d  on t h e  b a s i s  of energy ba lance  cons idera -  

t i o n s ,  must be  e v a l u a t e d  i n  l i g h t  of t h e  l i q u i d  l e n g t h  r e s u l t s  r e c e n t l y  r e p o r t e d  

i n  Reference 1. 
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V. FABRICATION EXFERIXENT 

A. PURPOSE 

The f a b r i c a t i o n  experiment c o n s i s t e d  of t h e  d e s i g n ,  f a b r i c a t i o n ,  

and p r o c e s s i n g  of a h e a t  p i p e  t h r u s t  chamber t o  s p e c i f i c a t i o n s  w i t h i n  t h e  

p r e s e n t  h e a t  p i p e  technology.  The o b j e c t i v e  of t h i s  work was t o  e v a l u a t e  t h e  

problems and s o l u t i o n s  a s s o c i a t e d  w i t h  c o n s t r u c t i n g  a h e a t  p i p e  as an i n t e g r a l  

p a r t  of t h e  t h r u s t  chamber. The f e a s i b i l i t y  o f  f a b r i c a t i n g  heat-pipe-cooled 

t h r u s t  chambers was demonstrated by t h e  f a b r i c a t i o n  and o p e r a t i o n  of a  non- 

opt imized des ign .  

B . CONFIGURATION 

The r e g e n e r a t i v e l y  cooled concept d e s c r i b e d  i n  S e c t i o n  V , A  was 

chosen f o r  t h e  f a b r i c a t i o n  experiment t h r u s t  chamber. The b a s i c  con£ i g u r a -  

t i o n  of t h e  f a b r i c a t i o n  experiment t h r u s t  chamber i s  shown i n  F i g u r e s  1 4  

and 15.  The d e s i g n  c o n s i s t s  of an a n n u l a r ,  sodium/nickel  h e a t  p i p e  w i t h  t h e  

contoured i n n e r  s u r f a c e  forming a t  once t h e  e v a p o r a t o r  w a l l  and t h e  t h r u s t  

chamber w a l l .  A r e g e n e r a t i v e l y  cooled condenser is  l o c a t e d  on t h e  o u t e r  

c y l i n d r i c a l  s u r f a c e .  Sodium vapor  f lows r a d i a l l y  from t h e  e v a p o r a t o r  t o  t h e  

condenser  and l i q u i d  sodium r e t u r n s  t o  t h e  e v a p o r a t o r  through r a d i a l  r e t u r n  

d i s k s  which a r e  o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  a x i s  of t h e  t h r u s t  chamber. 

Each f e e d  d i s k  c o n t a i n s  h o l e s  f o r  vapor  communication and f o r  t h e  p o s i t i o n i n g  

of a x i a l  s u p p o r t  r o d s .  The condenser i s  designed f o r  convec t ive  c o o l i n g  w i t h  

w a t e r  o r  ke rosene  a t  a  h e a t  throughput  r a t e  of 19 ~ t u / s e c  (20 kw). The con- 

d e n s e r  w a l l  i n c l u d e s  a  thermal  r e s i s t a n c e  annulus  i n  which s t a g n a n t  a rgon  o r  

hel ium ( o r  m i x t u r e s  t h e r e o f )  may be  p laced .  The a f t  c l o s u r e  of t h e  f a b r i c a -  

t i o n  exper iment  t h r u s t  chamber i s  cor ruga ted  t o  accommodate t h e  d i f f e r e n c e  i n  

the rmal  expansion between t h e  e v a p o r a t o r  and condenser w a l l s .  
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The e v a p o r a t o r  wick,  condenser wick,  and l i q u i d  r e t u r n  passages  

were f a b r i c a t e d  from n i c k e l  s c r e e n .  More d e t a i l e d  d e s c r i p t i o n s  of t h e s e  

components a r e  t a b u l a t e d  below. 

Component D e s c r i p t i o n  

Evapora to r  Wick 5 l a y e r s  o f  120 mesh s c r e e n ,  s p o t  welded 
i n  p l a c e  

L iqu id  Return 6 l a y e r s  of 60 mesh s c r e e n ,  covered on 
Passages  (Disks)  each s i d e  by one l a y e r  of 120 mesh s c r e e n ,  

a l l  8 l a y e r s  s p o t  welded t o g e t h e r  

Condenser Wick 5 l a y e r s  of 60 mesh s c r e e n  covered by 
4 l a y e r s  of 120 mesh s c r e e n ,  s p o t  welded 
t o g e t h e r  

The f a b r i c a t i o n  experiment t h r u s t  chamber assembly was des igned 

t o  mate w i t h  t h e  OF / B  H i n j e c t o r  des igned and f a b r i c a t e d  by A e r o j e t  on 
2 2 6  

Cont rac t  NAS 7-713. The i n t e r n a l  t h r u s t  chamber con tour  c o n s i s t s  e s s e n t i a l l y  

of two c o n i c a l  s u r f a c e s  and is  t h e  same as t h a t  used i n  t e s t s  on t h e  Cont rac t  

NAS 7-713 i n j e c t o r .  The n o z z l e  e x i t  p l a n e  d iamete r  of 3.64 i n .  was chosen 

f o r  optimum expansion t o  a 1 3 . 5  p s i a  back-pressure .  The des ign  h e a t  p ipe  

o p e r a t i n g  t empera tu re  i s  about  1400°F. 

Photographs of t h e  f a b r i c a t i o n  experiment p a r t s  and t h e  completed 

u n i t  a r e  shown i n  F i g u r e s  16 and 17 .  

The t h r u s t  chamber was des igned  t o  t h e  e v a p o r a t o r  h e a t  f l u x  d i s -  

t r i b u t i o n  shown i n  F igure  1 8  u s i n g  t h e  wicking l i m i t  c r i t e r i o n .  Ac tua l  oper-  

a t i o n  a t  t h i s  c o n d i t i o n  w a s  n e v e r  in tended  because  of t h e  exper imenta l  n a t u r e  

of t h i s  f a b r i c a t i o n  e f f o r t .  Th i s  h e a t  f l u x  d i s t r i b u t i o n  is  t y p i c a l  of t h o s e  

encounte red  i n  a b a r r i e r  cooled OF / B  H t h r u s t  chamber and t h e  maximum h e a t  2 2 6  
f l u x  of 2.75 B t u / i n .  s e c  r e p r e s e n t s  t h e  maximum h e a t  f l u x  which had been 
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ach ieved  i n  a h e a t  p i p e  ( l i t h i u m  working f l u i d )  at t h e  t i m e  t h e  des ign  work 

was done. The d e s i g n  t o t a l  h e a t  t r a n s f e r  rate was 150 Btu l sec .  

C.  ASSEMBLY AND PROCESSING 

The f a b r i c a t i o n  experiment t h r u s t  chamber was assembled and pro- 

cessed  a t  RCA. The manufactur ing s t e p s  and t h e  p r o c e s s i n g  procedure  are 

d e s c r i b e d  i n  t h e  f o l l o w i n g  two s u b s e c t i o n s .  

1. F a b r i c a t  i o n  and Assembly 

The fo rmat ion  of t h e  v a r i o u s  wick s e c t i o n s  r e q u i r e d  ex ten-  

s i v e  t o o l i n g  t o  h o l d  t h e  d e s i r e d  geometry. S p e c i a l  c i r c u l a r  h o l d i n g  and 

c u t t i n g  f i x t u r e s  were n e c e s s a r y  t o  produce t h e  r a d i a l  f eed  wicks.  Also,  

s p e c i a l  e y e l e t  draw d i e s  were n e c e s s a r y  t o  produce t h e  vapor passages .  

A p a r t i a l  d i s p l a y  of t h e  t o o l i n g  r e q u i r e d  t o  form t h e  i n t e r n a l  wick and 

e y e l e t  a ssembl ies  i s  shown i n  F igure  1 9 .  The cor ruga ted  diaphragm end 

c l o s u r e  and expansion loop were hydroformed, and t h e  end p l a t e s ,  r o c k e t  

n o z z l e ,  c y l i n d e r s ,  e t c .  were a l l  formed by s t a n d a r d  machining t echn iques .  

F i g u r e  16 d i s p l a y s  t h e  t o t a l  c o l l e c t i o n  of p a r t s  which went 

i n t o  t h e  fo rmat ion  of t h e  f a b r i c a t i o n  exper iment .  The r a d i a l  wicks a r e  shown 

as h a l f  s e c t i o n s  which a r e  made up of s i x  l a y e r s  of 60 mesh and two l a y e r s  of 

120 mesh. The 120 mesh a t t a c h e d  t o  t h e  e v a p o r a t o r  s i d e  of t h e  r o c k e t  n o z z l e  

w a s  formed by c u t t i n g  t h e  wick i n t o  m u l t i p l e  s t r i p s  and s p o t  welding each t o  

t h e  n o z z l e  i n  o v e r l a p p i n g  l a y e r s .  I n  t h i s  p o s i t i o n ,  f i v e  m u l t i p l e  l a y e r s  of 

mesh were a t t a c h e d  t o  t h i s  s u r f a c e .  T h i s  fo rmat ion  may be  s e e n  i n  F igure  20. 

I n  a s i m i l a r  f a s h i o n ,  s t r i p s  of 120 mesh were s p o t  welded i n  a r a d i a l  a r r a y  

on b o t h  end p l a t e s  (F igure  20) .  The assembled wicks and f low passages  p r i o r  

t o  a t tachment  of t h e  o u t e r  c y l i n d e r  and end c l o s u r e ,  a r e  shown i n  F igure  21. 
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The r a d i a l  f low passage was s p o t  welded t o  an  o u t e r  circum- 

f e r e n t i a l  wrap of 120 mesh s c r e e n  a f t e r  b e i n g  s p o t  welded t o  t h e  evapora to r  

s c r e e n .  The f i r s t  o u t e r  c i r c u m f e r e n t i a l  s c r e e n  l a y e r  was c u t  i n t o  narrow 

314 i n .  wide s t r i p s  which were s p o t  welded t o  t h e  f l anged  s e c t i o n s  of wick 

formed i n  t h e  o u t e r  r a d i a l  wicks.  Second, s t r i p s  were c u t  which b r idged  

between a d j a c e n t  r a d i a l  s e c t i o n s .  These s t r i p s  were then  s p o t  welded. 

F i n a l l y ,  cont inuous  c i r c u m f e r e n t i a l  l a y e r s  of wick were s p o t  welded t o  t h e  

encompassed mesh i n s i d e .  A t o t a l  of f i v e  l a y e r s  of 120 mesh and f o u r  l a y e r s  

of 60 mesh were used t o  form t h e  condenser wick. 

The assembly of t h e  n i c k e l  s h e l l  p a r t s  was accomplished by 

TIG welding under an argon gas  atmosphere.  Subassembly welds were h e a t e d  i n  

vacuum between 700°C (1292°F) and 900°C (1652OF) and re-examined f o r  l e a k s .  

I n  t h i s  r e g a r d ,  a g r e a t  amount of d i f f i c u l t y  was exper ienced i n  s e v e r a l  weld 

a r e a s .  The f a u l t s  were t r a c e d  t o  poor welding gas  which conta ined l a r g e  

amounts of o i l ,  r e s u l t i n g  i n  thermal  c rack ing  and forming carbon d e p o s i t s  

l o c a l l y  i n  t h e  welds .  Another problem encountered was thermal  s t r e s s  c r a c k i n g  

i n  a d j a c e n t  welds i n  t h e  double s h e l l  f l u i d  j a c k e t .  Repeated thermal  c y c l i n g  

and weld r e p a i r s  were r e q u i r e d  t o  produce a l e a k  t i g h t  assembly. The f i n a l  

j o i n t s  between t h e  w a t e r  s h e l l  and t h e  h e a t  p i p e  p o r t i o n  were made by b r a z i n g  

i n  a hydrogen f u r n a c e  u s i n g  Nioro (950°C) (17'420~) ha rd  s o l d e r .  It was 

g e n e r a l l y  b e l i e v e d  t h a t  t h e  u s e  of 200 grade n i c k e l  f o r  t h e  s h e l l  m a t e r i a l s  

added t o  t h e  d i f f i c u l t y  i n  welding and f u t u r e  m a t e r i a l s  should  be 270 grade 

n i c k e l  which i s  b e t t e r  c o n t r o l l e d  and c o n t a i n s  lower i m p u r i t i e s .  

2.  Loading and P r o c e s s i n g  

A photograph of t h e  p r e s s u r i z e d  sodium l o a d i n g  system used 

t o  f i l l  t h e  h e a t  p i p e  i s  shown i n  F igure  22. The system contained a sodium 

charge  p o t  h e a t i n g  u n i t  and argon tank  w i t h  p r e s s u r e  r e g u l a t o r .  Before  
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i n j e c t i n g  t h e  l i q u i d  sodium, t h e  e n t i r e  h e a t  p i p e  assembly was baked under 

vacuum a t  700°C f o r  24 h o u r s  t o  remove d i s s o l v e d  hydrogen from t h e  meta l .  

A computed v a l u e  of 1692 cm3 (103.5 i n .  3, of wick m a t e r i a l  

i s  c o n t a i n e d  i n  t h e  h e a t  p i p e .  Assuming a  (0.67) v o i d  volume and a  sodium 
3 d e n s i t y  of (0.97 gramslcm ) ,  t h e  r e q u i r e d  sodium f i l l  w a s  1099 grams 

(2 .43 l b ) .  I n c r e a s i n g  t h i s  q u a n t i t y  f o r  p rocess ing  l o s s e s  y i e l d e d  a  v a l u e  

o f  1550 grams of sodium (2.55 l b )  t o  be t r a n s f e r r e d  from t h e  charge p o t .  The 

e n t i r e  l o a d i n g  system was con ta ined  under  argon gas .  The h e a t  p i p e ,  charge 

p o t  and p i p i n g  were mainta ined a t  approximately  200°C (392°F) d u r i n g  t h e  

p r e s s u r i z e d  l i q u i d  sodium t r a n s f e r .  

A f t e r  c o o l i n g  t o  room tempera tu re  t h e  h e a t  p i p e  was removed 

and i n s t a l l e d  i n  a l a r g e  vacuum p r o c e s s i n g  b e l l ,  The h e a t  p ipe  t h r u s t  cham- 

b e r  i s  shown i n s t a l l e d  i n  t h e  vacuum b e l l  i n  F igure  23. The m u l t i s t r a n d e d  

t u n g s t e n  r a d i a t i o n  h e a t e r  shown i n  F i g u r e  24, w a s  suspended w i t h i n  t h e  t h r u s t  

chamber. 

-7 
The system was evacuated t o  a p r e s s u r e  of 7  x  1 0  t o r r  

b e f o r e  a p p l i c a t i o n  of power t o  t h e  h e a t e r .  P rocess ing  commenced by s lowly  

i n c r e a s i n g  t h e  h e a t e r  power t o  6.60 k i l o w a t t s  a t  which t ime t h e  t empera tu re  

p r o f i l e  t a b u l a t e d  below was recorded.  (The thermocouple l o c a t  i o n s  a r e  shown 

i n  F i g u r e  15 .  ) 
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T e m ~ e r a t u r e  P r o f i l e  Durine P r o c e s s i n e  

System 
T1 T2 3 T4 T5 6 7  T8 9 P r e s s u r e ,  
" C O C O C O C O C - - " C C C " C Tor r  

R e t e s t  a f t e r  s e a l - o f f  

*Denotes l o o s e  thermocouple 

T h i s  t empera tu re  d a t a  i n d i c a t e s  t h a t  t h e  t h r u s t  chamber func t ioned  a s  a  h e a t  

p i p e  s i n c e  t h e  u n i t  w a s  n e a r l y  i s o t h e r m a l .  A photograph of t h e  h e a t  p i p e  

r o c k e t  n o z z l e  t aken  d u r i n g  t h e  p rocess ing  o p e r a t i o n  i s  shown i n  F igure  25 .  
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A. GENERAL 

The b a s i c  o b j e c t i v e  of t h e  c y l i n d r i c a l  h e a t  p i p e  t e s t s  was t o  

e v a l u a t e  t h e  maximum h e a t  f l u x  c a p a b i l i t i e s  of h igh  performance wick d e s i g n s .  

T e s t s  were  conducted on seven e v a p o r a t o r  wick c o n f i g u r a t i o n s  u s i n g  a c y l i n d r i -  

c a l  h e a t  p i p e  test dev ice .  The working f l u i d  was sodium i n  each test and t h e  

h e a t  p i p e  components were f a b r i c a t e d  from 200 s e r i e s  n i c k e l .  The fo l lowing  

wick t y p e s  were e v a l u a t e d :  mul t i - l ayered  s c r e e n ,  f e l t - t y p e  metal, s c r e e n  

covered s l o t s ,  and s i n t e r e d  n i c k e l  powder. The maximum t e s t  h e a t  f l u x  was 

5 ~ t u / i n . ~  s e c  and was achieved w i t h  a 0.070 i n .  t h i c k  s i n t e r e d  n i c k e l  powder 

wick (Heat P i p e  No. 7 ) .  The c y l i n d r i c a l  h e a t  p i p e s  were des igned ,  f a b r i c a t e d  

and t e s t e d  a t  RCA. 

O r i g i n a l l y  i t  w a s  p lanned t o  a l s o  conduct tests on a  few l i t h i u m  

and s i l v e r  h e a t  p i p e s ;  however, t h e s e  a d d i t i o n a l  t e s t s  were n o t  conducted due 

t o  fund ing  l i m i t a t i o n s .  T h i s  does  n o t  compromise t h e  near-term a p p l i c a t i o n  

of h e a t  p i p e  technology t o  t h r u s t  chamber c o o l i n g  because  t h e  r e q u i r e d  con- 

t a i n e r  m a t e r i a l s  f o r  l i t h i u m  and s i l v e r  h e a t  p i p e s  (TZM molybdenum and Ta-5w) 

a r e  n o t  g e n e r a l l y  compat ible  w i t h  t h e  OF /B H p r o p e l l a n t  sys tem a t  t h e  
2  2 6  

r e q u i r e d  h e a t  p i p e  o p e r a t i n g  t empera tu res .  

The fo l lowing  s e c t i o n s  c o n t a i n  d e s c r i p t i o n s  of t h e  t e s t  a p p a r a t u s  

used and t h e  wicks  which were t e s t e d  and d i s c u s s i o n s  of t h e  r e s u l t s  which were 

ob ta ined  . 

B .  TEST APPARATUS 

Two t y p e s  of c y l i n d r i c a l  t e s t  d e v i c e s  were used t o  e v a l u a t e  t h e  

h e a t  f l u x  c a p a b i l i t i e s  of sodium h e a t  p i p e  e v a p o r a t o r  wicks.  The m a j o r i t y  of 

t h e  t e s t i n g  (Heat P ipes  No. 1 through No. 6) was done wi th  t h e  c o n f i g u r a t i o n  

shown i n  F i g u r e s  26 and 2 7 .  T h i s  d e v i c e  c o n s i s t s  of a  1-112 i n ,  d i a  
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c y l i n d r i c a l  h e a t  p i p e  wi th  t h e  e v a p o r a t o r  wick p o s i t i o n e d  on one of t h e  c i r -  

c u l a r  ends  of t h e  c y l i n d e r .  Hea t ing  was produced by t h e  p l a n a r  e l e c t r o n  

bombardment h e a t e r  f i l a m e n t  shown i n  F igure  28 .  The h e a t e r  was p o s i t i o n e d  

p a r a l l e l  t o  t h e  e v a p o r a t o r  w a l l .  The condenser was water-cooled and was 

l o c a t e d  on t h e  c y l i n d r i c a l  w a l l s  of t h e  h e a t  p i p e .  L iqu id  condensed on and 

r e t u r n e d  t o  t h e  e v a p o r a t o r  i n  t h e  condenser - l iqu id  r e t u r n  wick composed of 

6 l a y e r s  o f  50 mesh n i c k e l  s c r e e n  which l i n e d  t h e  c y l i n d r i c a l  w a l l s .  

Heat P i p e  No. 7 d i f f e r e d  from t h e  o t h e r s  i n  t h a t  a  non-condensible 

g a s  was used t o  c o n t r o l  t h e  sodium vapor p r e s s u r e .  Th i s  des ign  i s  shown i n  

F i g u r e  29. The h e a t e r  and e v a p o r a t o r  w a l l  d e t a i l s  were i d e n t i c a l  t o  t h e  

p r e v i o u s l y  t e s t e d  h e a t  p i p e s .  

I n  b o t h  c o n f i g u r a t i o n s  t h e  wick t o  b e  e v a l u a t e d  was a t t a c h e d  t o  

t h e  upper  s u r f a c e  of a  0 .092- in . - th ick n i c k e l  d i s k  which formed t h e  c i r c u l a r  

end of t h e  h e a t  p i p e .  The d i s k  was made an e l e c t r i c a l l y  p o s i t i v e  e l e c t r o d e  

w i t h  r e s p e c t  t o  t h e  f i l a m e n t a r y  h e a t e r ,  t h u s  forming an e q u i v a l e n t  of a  vacuum 

e l e c t r o n i c  d iode .  The e l e c t r o n  bombardment power s u p p l i e d  t o  t h e  t e s t  wick 

s u r f a c e  was a d j u s t e d  by v a r y i n g  t h e  v o l t a g e  a c r o s s  t h e  e l e c t r o d e s .  

The h e a t  f l u x  c a p a b i l i t i e s  of each wick were e v a l u a t e d  us ing  t h e  

f o l l o w i n g  t e s t  procedure  : 

1. Pre-heat  t e s t  dev ice  u s i n g  r a d i a t i o n  from f i l a m e n t  and 

low l e v e l  e l e c t r o n  bombardment u n t i l  dev ice  a t t a i n s  

2 .  I n c r e a s e  e l e c t r o n  bombardment of t e s t  s u r f a c e  t o  power 
2 

l e v e l  of 100 wat ts icm ( 0 . 6 1  ~ t u 1 i . n . ~  s e c )  h e a t  f l u x .  

S t a r t  w a t e r  c o o l i n g  of o u t e r  c o i l s .  
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3 .  Main ta in  power d e n s i t y  u n t i l  d e v i c e  a t t a i n s  800°C 

(1475°F) temperature .  

4.  I n c r e a s e  power d e n s i t y  i n  increments  of 25 wat ts lcm 2 

u n t i l  s h a r p  i n f l e c t i o n  i s  recorded i n  thermocouples 

embedded i n  t e s t  s u r f a c e .  Adjus t  w a t e r  f low t o  i n n e r  

c o a x i a l  w a t e r  c o i l s  t o  m a i n t a i n  h e a t  p i p e  temperature  

below 850°C (1560°F). 

The h e a t e r  c h a r a c t e r i s t i c s  were e v a l u a t e d  t o  determine t h e  a r e a  

t h a t  was a c t i v e l y  h e a t e d .  Since  t h e  a r e a  s u b j e c t e d  t o  h e a t i n g  is  v i t a l  t o  

de te rmin ing  i n p u t  power d e n s i t y ,  an  a c c u r a t e  d e t e r m i n a t i o n  w a s  r e q u i r e d .  The 

f i r s t  method of e v a l u a t i o n  employed a 2 0 : l  s c a l e  e l e c t r o s t a t i c  f i e l d  p l o t  of 

t h e  e l e c t r o d e  c o n f i g u r a t i o n .  The consequent f l u x  l i n e s  which i n t e r s e c t  t h e  

e q u i p o t e n t i a l  l i n e s  at r i g h t  a n g l e s  a r e  p l o t t e d  i n  F igure  30. Since  a t  low 

e l e c t r o n  d e n s i t i e s  t h e  e l e c t r o n s  w i l l  f o l l o w  f l u x  l i n e s ,  t h e  a r e a  h e a t e d  w i l l  

be  encompassed by t h e  outermost  f l u x  l i n e s .  The d iamete r  of t h e  bombarded 

s u r f a c e  w a s  determined t o  b e  2.79 cm (1.100 i n . ) .  The second method of h e a t e d  

a r e a  d e t e r m i n a t i o n  used t h e  t r a n s i e n t  h e a t i n g  p a t t e r n  d i s p l a y e d  on a  h e a t e d  

d i s k .  A molybdenum d i s k  of 0.025 i n .  t h i c k n e s s  was suppor ted  from a  con- 

c e n t r i c  r i n g  by f o u r  0.060 i n .  d i a  wires. The d i s k  was spaced approximately  

0.125 i n .  from t h e  hea te r -ca thode  t o  s i m u l a t e  d iode  performance.  A p o t e n t i a l  

was a p p l i e d  between t h e  e l e c t r o d e s  and s e v e r a l  amperes of e l e c t r o n  c u r r e n t  

were drawn t o  t h e  d i s k .  Color  photographs  of t h e  bombarded s u r f a c e  were 

s imul taneous ly  t a k e n  and used t o  determine t h e  d iamete r  o f  t h e  hea ted  a r e a .  

These photographs  showed t h e  h e a t e d  d iamete r  t o  be  1 . 1 3  i n .  which i s  i n  c l o s e  

agreement w i t h  t h e  f i e l d  p l o t  r e s u l t .  
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Chromel-alumel thermocouples were used f o r  measurement of t h e  

vapor  t empera tu re  and t h e  h e a t  p i p e  t empera tu re  p r o f i l e .  The thermocouple 

l o c a t i o n s  a r e  shown i n  F igure  26. E igh t  thermocouples were recorded.  Two 

thermocouples were i n s e r t e d  i n t o  r a d i a l l y  d r i l l e d  h o l e s  0.030 i n .  from t h e  

h e a t e d  s u r f a c e  and 0.062 i n .  below t h e  wick s u r f a c e .  One thermocouple ( T 3 )  

w a s  i n s e r t e d  t o  t h e  c e n t e r  of t h e  1-112 i n .  d i a  d i s k ,  t h e  second (T2) was 

i n s e r t e d  318 i n .  r a d i a l l y  from t h e  edge.  These thermocouples se rved  t o  

record  t h e  r a d i a l  t empera tu re  p r o f i l e  of t h e  e v a p o r a t o r  s u r f a c e .  Thermo- 

coup les  Nos. 1, 4 ,  5 ,  6 and 7 were s p o t  welded t o  t h e  o u t e r  h e a t  p i p e  w a l l .  

Thermocouple No. 8  w a s  a s e a l e d  j a c k e t e d  v e r s i o n  f o r  measuring vapor  tem- 

p e r a t u r e  and p r o j e c t e d  i n t o  t h e  vapor  space  j u s t  below t h e  wa te r  l o a d .  The 

j a c k e t  w a s  b razed  t o  t h e  t o p  d i s k  of t h e  h e a t  p i p e  t o  p rov ide  a  he rmet ic  s e a l .  

The e n t i r e  t e s t  dev ice  was i n s t a l l e d  i n  a l a r g e  vacuum b e l l  j a r  and evacua ted  

t o  1 x t o r r  b e f o r e  t e s t i n g .  The thermocouple o u t p u t s  from t h e  t e s t  

dev ice  were f e d  t o  a  24-pos i t ion ,  Honeywell E l e c t r o n i c k  16 Type K TIC 

r e c o r d e r .  A photo  o f  t h e  e n t i r e  t e s t  s t a n d  w i t h  a sodium-nickel t e s t  d e v i c e  

i n  p o s i t i o n  is  shown i n  F i g u r e  31. 

F igure  32 shows t h e  t e s t  d e v i c e  which was planned f o r  t e s t i n g  

w i t h  l i t h i u m  working f l u i d .  Th i s  t e s t  dev ice  i s  c o n s t r u c t e d  from molybdenum 

and i s  somewhat s m a l l e r  t h a n  t h e  sodium d e s i g n  i n  o r d e r  t o  l i m i t  t h e  t o t a l  

power through-put t o  a  convenient  l e v e l .  The w a t e r  cooled load  w a s  a l s o  

modif ied t o  i n c l u d e  a gas  i n t e r f a c e  between t h e  h e a t  p ipe  and wate r  c o o l i n g  

j a c k e t .  A g r e a t e r  degree  of load  v a r i a t i o n  can be  achieved f o r  t h e  l i t h i u m  

s t u d y  by u s i n g  t h i s  c o n f i g u r a t i o n .  A s i m i l a r  t e s t  d e v i c e  would be u t i l i z e d  

i n  t e s t s  w i t h  t h e  t a n t a l u m / s i l v e r  h e a t  p i p e s .  
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C .  TEST RESULTS 

The r e s u l t s  o b t a i n e d  d u r i n g  t h e  c y l i n d r i c a l  h e a t  p i p e  t e s t s  a r e  

summarized i n  t h i s  s e c t i o n .  The wick c o n f i g u r a t i o n s  t e s t e d  are l i s t e d  i n  

Tab le  2.  P e r t i n e n t  test d a t a  a r e  t a b u l a t e d  i n  Tab le  3 .  

1. Heat P ipe  No. 1 

The e v a p o r a t o r  wick of h e a t  p i p e  No. 1 c o n s i s t e d  of f i v e  

l a y e r s  of 120 x  120 n i c k e l  mesh which were p ressed  a g a i n s t  t h e  e v a p o r a t o r  

w a l l ,  b u t  n o t  s i n t e r e d .  T e s t i n g  was done w i t h  t h e  h e a t  p i p e  o r i e n t e d  v e r t i -  

c a l l y  (evapora to r  h o r i z o n t a l ) .  The test r e s u l t s  i n d i c a t e d  thermal  runawayL 
2 

when t h e  h e a t  f l u x  w a s  0 .73  ~ t u / i n . ~ - s e c  (120 wat t s l cm ) .  T e s t i n g  w a s  termi-  

n a t e d  a t  t h i s  l e v e l  due t o  a  t empera tu re  g r a d i e n t  a c r o s s  t h e  e v a p o r a t o r  a s  

shown i n  t h e  fo l lowing  s k e t c h .  (The t empera tu re  T1 i s  approximately  e q u a l  

t o  t h e  h e a t  p ipe  t empera tu re . )  

Heat P i p e  No. 1 2330°F (T3) 

V e r t i c a l  P o s i t i o n  1340°F (TI) 

P o s t t e s t  X-ray photographs  and subsequent  d isassembly showed t h a t  t h e  wick had 

bowed away from t h e  e v a p o r a t o r  w a l l  i n t o  a dome-shaped geometry (118 i n .  maxi- 

mum d e f l e c t i o n ) .  Thus, the rmal  c o n t a c t  between t h e  wick and w a l l  was l o s t  and 

t h i s  r e s u l t e d  i n  l o s s  of l o c a l  f l u i d  i n v e n t o r y  and i n  thermal  runaway. A 

c r o s s - s e c t i o n  view of t h e  e v a p o r a t o r  i n  p o s t t e s t  c o n d i t i o n  i s  shown i n  

F i g u r e  33.  

1 Thermal runaway was evidenced by a  r a p i d  i n c r e a s e  i n  e v a p o r a t o r  w a l l  
t empera tu re  a t  a  f i x e d  i n p u t  power l e v e l .  Th i s  i s  i n d i c a t i v e  of a  
d e g r a d a t i o n  i n  t h e  h e a t  p i p e  mechanism. 
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2 .  Heat P ipe  No. 2 

The second sodium/nickel  h e a t  p i p e  con ta ined  a  n i c k e l  f e l t  

t y p e  metal (FM-1205 Huyck Metal  Co.) evapora to r  wick. An e l e c t r o n  scan photo- 

graph of t h i s  m a t e r i a l  i s  shown i n  F igure  34. I n i t i a l  t e s t i n g  on t h i s  u n i t  

was done w i t h  t h e  h e a t  p i p e  i n  a  v e r t i c a l  p o s i t i o n .  A h e a t  f l u x  of 1 .85  
2  

~ t u / i n . ~ - s e c  (304 wat t s l cm ) w a s  achieved b e f o r e  e x c e s s i v e l y  high w a l l  tem- 

p e r a t u r e s  occur red .  The t empera tu re  p r o f i l e  of t h e  e v a p o r a t o r  a t  maximum 

h e a t  f l u x  f o r  t h e  v e r t i c a l  p o s i t i o n  i s  shown below. 

2015OF (T2) 

Heat P ipe  No. 2  1655°F (T3) 

V e r t i c a l  P o s i t i o n  

The f e l t m e t a l  m a t e r i a l  was s i n t e r e d  t o  t h e  e v a p o r a t o r  end-cap t o  p reven t  

bowing d u r i n g  the rmal  c y c l i n g .  However, due t o  t h e  d e n d r i t i c  s t r u c t u r e  o f  

t h e  f e l t m e t a l ,  p o s i t i v e  s i n t e r i n g  a t  a l l  l o c a t i o n s  could n o t  be  assured .  

While X-ray a n a l y s i s  d i d  n o t  v e r i f y  t h a t  t h e  f e l t m e t a l  p u l l e d  away from t h e  

e v a p o r a t o r  end-cap i n  t h e  a r e a  of maximum tempera tu re ,  i t  is  b e l i e v e d  t h a t  

t h i s  c o n d i t i o n  may have occur red .  

A 58% h i g h e r  h e a t  f l u x  was achieved when t h e  No. 2  h e a t  p i p e  

was t e s t e d  i n  t h e  h o r i z o n t a l  p o s i t i o n .  The maximum h e a t  f l u x  was 3.18 
L 

B t u l i n .  - sec .  The t empera tu re  p r o f i l e  measured d u r i n g  t h e  h o r i z o n t a l  t e s t  

showed a the rmal  g r a d i e n t  similar t o  t h e  r e s u l t s  o b t a i n e d  when t e s t e d  i n  t h e  

v e r t i c a l  p o s i t i o n .  The h o r i z o n t a l  test t empera tu re  p r o f i l e  a t  maximum h e a t  

f l u x  is  shown below. 
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Heat P ipe  No. 2 1815'F (T3) 

H o r i z o n t a l  P o s i t i o n  1560°F (TI) 

The r a d i a l  t empera tu re  g r a d i e n t  of d e v i c e  No. 2 was e v i d e n t  a t  t h e  s t a r t  of 

t e s t i n g  (low h e a t  f l u x )  and i n c r e a s e d  i n  d i r e c t  p r o p o r t i o n  t o  t h e  i n c r e a s i n g  

h e a t  i n p u t .  It i s  impor tan t  t o  n o t e  however, t h a t  thermal  runaway n e v e r  

o c c u r r e d  i n  t h i s  dev ice .  It i s  a l s o  p o s s i b l e  t h a t  non-uniform f low charac-  

t e r i s t i c s  caused t h e  temperature  a t  t h e  c e n t e r  of t h e  e v a p o r a t o r  t o  b e  lower 

t h a n  t h e  t empera tu re  of t h e  e v a p o r a t o r  n e a r e r  t h e  o u t e r  d iamete r .  

3. Heat P i ~ e  No. 3 

The t h i r d  sodium/nickel  h e a t  p i p e  con ta ined  an e v a p o r a t o r  

wick which c o n s i s t e d  of a composite s c r e e n  s t r u c t u r e .  One l a y e r  of 50 x 50 

mesh was s p o t  welded t o  form i n t i m a t e  c o n t a c t  w i t h  t h e  evapora to r  w a l l ,  and 

two l a y e r s  of 120 x 120 mesh were s p o t  welded over  t h e  t o p .  T o t a l  e v a p o r a t o r  

wick t h i c k n e s s  was approximately  0.032 i n .  An edge view of  t h i s  wick is  shown 

i n  F i g u r e  35. T e s t i n g  i n  t h e  v e r t i c a l  p o s i t i o n  was conducted t o  a h e a t  f l u x  
2 

of 1 . 4 8  ~ t u / i n . ~ - s e c  (242 watt /cm ) . The t e s t  was t e rmina ted  due t o  apparen t  

i n c i p i e n c e  of a w a l l  t empera tu re  e x c u r s i o n .  S i m i l a r  behav ior  was observed 
2 

when t e s t i n g  i n  t h e  h o r i z o n t a l  p o s i t i o n  a t  a h e a t  f l u x  of 2.26 B t u / i n .  -sec 
2 

(371 wat t /cm ) .  I n  b o t h  c a s e s  t h e  h e a t  p i p e  o p e r a t i n g  t empera tu re  ( t h e  vapor  

t empera tu re )  was about 1450°F. 

4 .  Heat P ipe  No. 4 

Heat P ipe  No. 4 employed a c ross -channe l  e v a p o r a t o r  wick 

d e s i g n .  The channe l s  were 0.042 i n .  wide and 0.028-in.  deep and covered w i t h  

t h r e e  l a y e r s  of 320 x 320 s c r e e n  mesh spot-welded t o  t h e  channel  l a n d s  a s  
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shown i n  F i g u r e s  36 and 37. The u n i t  was t e s t e d  i n  a  h o r i z o n t a l  p o s i t i o n .  
2  A h e a t  f l u x  of 1 . 5  ~ t u / i n . ~ - s e c  (246 wat t s l cm ) was achieved a t  a  h e a t  p i p e  

t empera tu re  of 1650°F b e f o r e  the rmal  runaway became apparen t .  A t empera tu re  

g r a d i e n t  of approximately  360°F w a s  observed ic t h e  condenser a r e a  of t h e  h e a t  

p i p e  t h e r e b y  i n d i c a t i n g  t h a t  a  h i g h  g a s  c o n t e n t  was t r apped  w i t h i n  t h e  p i p e .  

T h i s  t r a p p e d  g a s  does  n o t  appear  t o  have i n f l u e n c e d  t h e  o p e r a t i o n  of t h e  wick 

b u t  d i d  produce a  r e l a t i v e l y  h i g h  h e a t  p i p e  t empera tu re .  Examination of t h e  

u n i t  showed t h a t  t h e  e v a p o r a t o r  had bowed outward approximately  0.060-in. 

5 .  Heat P ipe  No. 5 

Heat P ipe  No. 5 con ta ined  a 0 .041 i n .  t h i c k  s i n t e r e d  n i c k e l  

powder e v a p o r a t o r  wick s t r u c t u r e .  An e l e c t r o n - s c a n  microscope photograph of 

t h i s  wick m a t e r i a l  appears  i n  F igure  38. F igure  39 i s  a  photograph of t h e  

H e a t  P ipe  No. 5 wick s i n t e r e d  t o  t h e  e v a p o r a t i v e  wick s u r f a c e .  The wick was 

s i n t e r e d  i n  p l a c e  on t h e  e v a p o r a t o r  w a l l  which was t h e n  welded i n  p l a c e  on t h e  

end of t h e  h e a t  p i p e .  

The des ign  of t h e  t e s t  d e v i c e  was modif ied f o r  t h e  No. 5 

h e a t  p i p e  (and subsequen t ly  t h e  No. 6  and No. 7 h e a t  p i p e s )  t o  i n c l u d e  a  

f l u i d  r e t u r n  wick s t r u c t u r e  c o n s i s t i n g  of e i g h t  l a y e r s  of 120 mesh s c r e e n  

i n s t e a d  of t h e  6  l a y e r s  of 50 mesh s c r e e n  u t i l i z e d  on h e a t  p i p e s  1, 2 ,  3 

and 4 .  T h i s  change was made a s  an a i d  t o  f l u i d  r e t e n t i o n  i n  t h e  v e r t i c a l  

p o s i t i o n .  I n  a d d i t i o n ,  t h e  p r o c e s s i n g  procedure  was modif ied t o  i n c l u d e  a 

wet hydrogen (approximately  100 ppm H20) f i r i n g  of t h e  n i c k e l  h e a t  p i p e  

components. Th i s  procedure  was added t o  d e c a r b u r i z e  t h e  n i c k e l  components 

t o  a i d  welding.  Weld l e a k  problems were encountered d u r i n g  t e s t i n g  of Heat 

P i p e s  Nos. 2 ,  3 ,  and 4  due t o  r e s i d u a l  carbon c o n t e n t  i n  t h e  grade "A" n i c k e l  

used f o r  t h e  h e a t  p i p e  components. 
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The maximum h e a t  f l u x e s  achieved w i t h  t h i s  s i n t e r e d  n i c k e l  
2 powder wick were 2.27 ~ t u / i n . ~ - s e c  and 3.96 Btu / in .  -sec  i n  t h e  v e r t i c a l  and 

h o r i z o n t a l  p o s i t i o n s  r e s p e c t i v e l y .  Evidence of a the rmal  runaway was s e e n  a t  

b o t h  o f  t h e s e  h e a t  f l u x  l e v e l s .  The t empera tu re  p r o f i l e  of t h e  e v a p o r a t o r  a t  

maximum h e a t  f l u x  is shown below. 

1800°F (T2) 

Heat P ipe  No. 5 2215OF (Tj) 

H o r i z o n t a l  P o s i t i o n  1360°F (TI) 

T e s t s  t o  e v a l u a t e  s t a r t u p  c h a r a c t e r i s t i c s  were a l s o  conducted 

on h e a t  p i p e  No. 5 .  I n  t h e s e  t e s t s ,  a  s t e p  i n p u t  h e a t  f l u x  was a p p l i e d  t o  t h e  

e v a p o r a t o r  and t h e  e v a p o r a t o r  w a l l  t empera tu re  response  was recorded.  

S u c c e s s f u l  s t a r t u p s  were achieved a t  h e a t  f l u x e s  up t o  60% of t h e  maximum 
2 

s t e a d y - s t a t e  h e a t  f l u x ,  i . e . ,  up t o  2 .4  B t u / i n .  -sec  h e a t  f l u x ,  when t h e  

sodium was i n i t i a l l y  l i q u i d  a t  about  210°F. A the rmal  runaway occur red  a t  
L 

t h e  75% h e a t  f l u x  l e v e l  ( 3  B t u l i n .  - s e c ) .  A s i m i l a r  t e s t  w a s  conducted w i t h  

t h e  sodium i n i t i a l l y  s o l i d  and a the rmal  runaway occur red  a t  a 10% h e a t  f l u x  
2 

l e v e l  (0.4 B t u l i n .  - s e c ) .  These s t a r t u p  r e s u l t s  a r e  cons idered  q u a l i t a t i v e  

on ly  s i n c e  t h e  c y l i n d r i c a l  h e a t  p i p e  test d e v i c e  was n o t  des igned f o r  t r a n -  

s i e n t  o p e r a t i o n .  

6 .  Heat P ipe  No. 6 

Heat P i p e  No. 6 con ta ined  a composite type  evapora to r  wick 

which c o n s i s t e d  o f  s m a l l  channels  machined i n t o  t h e  evapora to r  w a l l  and 

covered w i t h  a 0.025 i n .  t h i c k  p r e f a b r i c a t e d  s i n t e r e d  n i c k e l  powder o v e r l a y .  

The o v e r l a y  was s i n t e r e d  t o  t h e  channel  l a n d s .  The wick i s  shown i n  F i g u r e s  40 

and 41.  The s u b s t r a t e  channels  were 0.005 i n .  deep,  0.010 i n .  wide w i t h  a 

0.010 i n .  s p a c i n g  between channe l s .  T h i s  h e a t  p i p e  was t e s t e d  i n  t h e  
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2 h o r i z o n t a l  p o s i t i o n  and t h e  maximum h e a t  f l u x  ob ta ined  was 1 , 6  B t u / i n .  - sec  
2 

(262 wat t s l cm ) .  T h i s  r e s u l t  i s  about  t h e  same a s  t h a t  ob ta ined  w i t h  h e a t  

p i p e  No. 4 which con ta ined  l a r g e r  channels  covered by a f i n e  pore  s c r e e n .  

N e i t h e r  d e v i c e  approached t h e  v a l u e s  o b t a i n e d  w i t h  t h e  i s o t r o p i c  wick f o m s  

used i n  h e a t  p i p e  No. 2 and h e a t  p i p e  No. 5 .  The power l i m i t a t i o n  was n o t  

b e l i e v e d  t o  b e  due t o  e x c e s s i v e  p r e s s u r e  l o s s  i n  t h e  channe l ,  b u t  r a t h e r  t h e  

fo rmat ion  of a vapor  pocket  i n  t h e  channel .  

7 .  Heat P ipe  No. 7 

The r e l a t i v e l y  h i g h  h e a t  f l u x  r e s u l t s  ob ta ined  w i t h  t h e  

s i n t e r e d  n i c k e l  powder wick on Heat P ipe  No. 5 prompted f u r t h e r  t e s t i n g  w i t h  

t h i s  wick m a t e r i a l .  Observa t ions  and a n a l y s e s  tended t o  i n d i c a t e  t h e  l i m i t i n g  

f a c t o r  of t h i s  p a r t i c u l a r  wick s t r u c t u r e  was f l u i d  f low; t h e r e f o r e ,  t h e  wick 

t h i c k n e s s  was i n c r e a s e d  t o  0.070 i n .  t o  promote i n c r e a s e d  f l u i d  f low.  The 

h e a t  p i p e  No. 7 c o n f i g u r a t i o n  was d i f f e r e n t  from t h a t  u t i l i z e d  p r e v i o u s l y  i n  

t h a t  a non-condensible gas  (argon)  was used t o  c o n t r o l  t h e  sodium vapor  p r e s -  

s u r e  ( t h i s  "gas-loadedt1 d e s i g n  i s  i l l u s t r a t e d  i n  F igure  29) .  

One o t h e r  major d i f f e r e n c e  d i s t i n g u i s h e d  h e a t  p i p e  No. 7 

from h e a t  p i p e  No. 5 and t h i s  was t h e  manner i n  which t h e  wick was i n s t a l l e d  

on t h e  e v a p o r a t o r  w a l l .  On h e a t  p i p e  No. 7 ,  t h e  wick was s i n t e r e d  i n  p l a c e  

a f t e r  t h e  e v a p o r a t o r  w a l l  ( t h e  end cap) had been welded i n t o  t h e  c y l i n d r i c a l  

h e a t  p i p e  body and t h e  r e t u r n  wick had been i n s t a l l e d .  Heat p i p e  No. 5 was 

assembled b y  s i n t e r i n g  t h e  wick on to  t h e  end cap and t h e n  welding t h e  end 

cap - e v a p o r a t o r  wick assembly t o  t h e  c y l i n d r i c a l  body - r e t u r n  wick assembly.  

Heat p i p e  No. 7 was t e s t e d  i n  t h e  h o r i z o n t a l  p o s i t i o n  and t h e  

h i g h e s t  e v a p o r a t o r  h e a t  f l u x  t e s t e d  on t h i s  program was achieved.  An average 
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2 
h e a t  f l u x  of 4.94 B t u / i n .  -sec w a s  reached a t  a h e a t  p i p e  t empera tu re  o f  

1100°F. The e v a p o r a t o r  t empera tu re  d i s t r i b u t i o n  at  t h i s  h e a t  f l u x  l e v e l  is  

ske tched  below. 

Heat P i p e  No. 7 2110°F (Tj) 

H o r i z o n t a l  P o s i t i o n  

Attempts t o  i n c r e a s e  t h e  h e a t  f l u x  beyond t h i s  p o i n t  were u n s u c c e s s f u l  a s  a 

v e r y  r a p i d  t empera tu re  e x c u r s i o n  developed which produced burnout  of t h e  

e v a p o r a t o r  w a l l  a s  shown i n  F i g u r e  42. 

D .  DISCUSSION OF RESULTS 

1. Wick Design Eva lua t ion  

Examination of t h e  maximum h e a t  f l u x  d a t a  o b t a i n e d ,  sum- 

marized i n  Table  4 ,  r e v e a l s  t h a t  t h e  h i g h e s t  h e a t  f l u x e s  were achieved w i t h  
2 

s i n t e r e d  n i c k e l  powder e v a p o r a t o r  wicks (Heat P ipe  No. 7 - 4.94 B t u / i n .  -sec 

h e a t  f l u x ,  Heat P i p e  No. 5 - 3.95 ~ t u l i n .  2-sec h e a t  f l u x ) .  Th i s  type  of 

d e s i g n  t h e r e f o r e  a p p e a r s  t h e  most promising f o r  f u t u r e  work and w i l l  b e  

emphasized i n  t h e  f o l l o w i n g  d i s c u s s i o n s  of t h i s  s e c t i o n .  

The exper imenta l  s t u d y  r e p o r t e d  h e r e  does n o t  e l i m i n a t e  t h e  

o t h e r  wicks  t e s t e d  f o r  f u t u r e  a p p l i c a t i o n s  i n  h i g h  h e a t  f l u x  h e a t  p i p e s .  

The o b j e c t i v e  of t h i s  program is  t o  app ly  h e a t  p i p e  technology t o  t h r u s t  

chamber c o o l i n g  on a r e l a t i v e l y  near - t e rm b a s i s  and t h e r e f o r e  t h e  obvious 

c h o i c e  f o r  f u r t h e r  work i s  t h e  wick d e s i g n  i n  which maximum performance h a s  

been ob ta ined .  F u t u r e  work i n  which a l t e r n a t e  f a b r i c a t i o n  methods and des ign  
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improvements a r e  developed f o r  t h e  o t h e r  wick t y p e s  t e s t e d  may u l t i m a t e l y  

show t h a t  t h e y  can perform as w e l l  a s  t h e  s i n t e r e d  n i c k e l  powder. 

2 .  V e r t i c a l v s  H o r i z o n t a l  Operat ion 

Heat P ipes  No. 2 ,  3 ,  4 and 5 were t e s t e d  w i t h  t h e  c y l i n d r i c a l  

h e a t  p i p e  body i n  a h o r i z o n t a l  ( evapora to r  wick v e r t i c a l )  and v e r t i c a l  

( e v a p o r a t o r  wick h o r i z o n t a l )  o r i e n t a t i o n .  The maximum h e a t  f l u x e s  i n  t h e  

h o r i z o n t a l  p o s i t i o n  were s i g n i f i c a n t l y  h i g h e r  t h a n  i n  t h e  v e r t i c a l  p o s i t i o n .  

Th is  is  b e l i e v e d  t o  be  t h e  r e s u l t  of "pooling" of excess  sodium on t o p  of t h e  

e v a p o r a t o r  wick due t o  t h e  i n f l u e n c e  of g r a v i t y .  The v e r t i c a l  r e s u l t s  a r e  

t h e r e f o r e  cons idered  i n v a l i d .  Th i s  poo l ing  phenomenon i s  n o t  a problem f o r  

a h e a t  p i p e  t h r u s t  chamber due t o  t h e  a n n u l a r  geometry and any "pooling" would 

occur  on ly  on t h e  condenser  wick. 

3 .  Wall Temperature D i s t r i b u t i o n s  

The measured w a l l  temperature  d i s t r i b u t i o n s  t end  t o  b e  some- 

what e r r a t i c  and t h i s  i s  b e l i e v e d  due t o ,  i n  most c a s e s ,  inadequa te  thermal  

c o n t a c t  between t h e  e v a p o r a t o r  w a l l  and wick.  The h i g h  w a l l  t empera tu res  

measured on Heat P i p e s  No. 5 and No. 7 a r e  of p a r t i c u l a r  i n t e r e s t  s i n c e  t h e s e  

u n i t s  con ta ined  t h e  s i n t e r e d  n i c k e l  powder wicks which appear  a t t r a c t i v e  f o r  

f u t u r e  a p p l i c a t i o n .  

Consequent ly ,  a h e a t  t r a n s f e r  a n a l y s i s  of t h e  e v a p o r a t o r  

r e g i o n  of c y l i n d r i c a l  Heat P i p e s  No. 5 and No. 7 was performed. The a n a l y s i s  

was conducted u s i n g  a two-dimensional conduct ion network which was s o l v e d  

u t i l i z i n g  t h e  SINDA-3G ( 3 2 )  computer program. Evaporator  w a l l  t empera tu re  
2 

d i s t r i b u t i o n s  were o b t a i n e d  f o r  h e a t  f l u x e s  i n  t h e  range of 1 - 5 B t u l i n .  s e c .  

The h e a t  f l u x  d i s t r i b u t i o n  c a l c u l a t e d  from h e a t e r  c a l i b r a t i o n  t e s t  d a t a  t aken  
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a t  RCA was assumed. Th is  d i s t r i b u t i o n  is  shown on F igure  43. The node n e t -  

work which was u t i l i z e d  i s  shown i n  F igure  44. The a n a l y s i s  was performed by 

c o n s i d e r i n g  conduct ion e f f e c t s  ( w i t h i n  t h e  n i c k e l  walls and t h e  sodium working 

f l u i d )  and t h e  r a d i a l l y  inward h e a t  convect ion by t h e  l i q u i d  sodium. The 

t empera tu re  of t h e  working f l u i d  and wick were assumed e q u a l  a t  a l l  p o i n t s .  

Temperature d i s t r i b u t i o n s  c a l c u l a t e d  f o r  Heat P i p e s  No. 7 

and No. 5 a t  t h e  maximum h e a t  f l u x  c o n d i t i o n  a r e  shown a s  F igures  45 and 46. 

The measured w a l l  t empera tu re  a r e  compared t o  t h e  p r e d i c t i o n s  i n  F i g u r e s  47 

and 48. Temperatures c a l c u l a t e d  f o r  t h e  evapora to r  midpoint  (T3) and 112 

way between t h e  midpoint  and t h e  o u t e r  edge of t h e  w a l l  (T2) a t  a d i s t a n c e  

of 0.030 i n .  i n t o  t h e  w a l l  are compared t o  thermocouple d a t a  ob ta ined  a t  

t h e s e  p o i n t s .  For  Heat P i p e  No. 7 ,  t h e  agreement between c a l c u l a t e d  and 

measured t empera tu res  i s  cons idered  good. The T2 v a l u e s  a r e  somewhat lower 

t h a n  c a l c u l a t e d  and t h i s  is probably  due t o  t h e  wa te r  c o o l i n g  c l o s e  t o  t h e  

e v a p o r a t o r  wall which w a s  n o t  cons idered  i n  t h e  a n a l y s i s .  The beg inn ing  of 

a w a l l  t empera tu re  e x c u r s i o n  i s  apparen t  a t  t h e  maximum h e a t  f l u x .  

The Heat P i p e  No. 5 d a t a  i n d i c a t e  t h a t  t h e  e v a p o r a t o r  mid- 

p o i n t  t empera tu re  was about  250°F h i g h e r  than  c a l c u l a t e d  a t  t h e  maximum h e a t  
2 

f l u x  of 4 B t u / i n .  -sec .  Analyses were performed w i t h  and wi thou t  t h e  sodium 

convec t ion  e f f e c t s  and t h e  c a l c u l a t e d  wall t empera tu res  agreed w i t h i n  1 ° F  a t  

t h e  e v a p o r a t o r  midpoint .  T h e r e f o r e ,  t h e  h i g h  w a l l  t empera tu res  do n o t  appear  

a t t r i b u t a b l e  t o  sodium convec t ion  e f f e c t s .  A c o n s e r v a t i v e  e s t i m a t e  of t h e  

p o s s i b l e  measurements e r r o r s  due t o  two-dimensional conduct ion e f f e c t s  around 

t h e  thermocouple and due t o  placement of t h e  j u n c t i o n  was made and t h e  e s t i -  

mate i s  a l s o  shown i n  F i g u r e  48. A maximum p o s s i b l e  e r r o r  of 100°F was esti- 
2 

mated a t  t h e  maximum h e a t  f l u x  (about  4 B t u / i n .  -sec) and t h i s  i s  n o t  s u f -  

f i c i e n t  t o  e x p l a i n  t h e  h i g h  w a l l  t empera tu res .  
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It i s  t h e r e f o r e  concluded t h a t  t h e  h igh  w a l l  temperatures  

measured on Heat P ipe  No. 5 were n o t  t h e  r e s u l t  of normal conduct ion o r  con- 

v e c t i o n  e f f e c t s ,  o r  due t o  thermocouple e r r o r .  Other p o s s i b l e  causes  of t h e  

h i g h  t empera tu res  a r e  i r r e g u l a r  l i q u i d  r e t u r n  flow from t h e  r e t u r n  wick,  and 

l o c a l l y  poor the rmal  c o n t a c t  between t h e  wick and t h e  e v a p o r a t o r  w a l l .  

4.  Heat Flux L i m i t s  - S i n t e r e d  Powder Nicke l  Wicks 

Two d i f f e r e n t  t y p e s  of h e a t  f l u x  l i m i t s  may have been 

encounte red  w i t h  t h e  s i n t e r e d  n i c k e l  powder wicks i n  Heat P i p e s  No. 5  and 

No. 7 .  T h i s  i s  i n d i c a t e d  by wicking l i m i t  o r  dryout  c a l c u l a t i o n s  ( s e e  

S e c t i o n s  I I 1 , B  and I I I , D , l )  and by comparing t h e  maximum sodium superhea t  

c a l c u l a t e d  f o r  each t e s t  t o  t h e  i n c i p i e n t  b o i l i n g  superhea t  p r e d i c t e d  by t h e  

Hol tz  model ( s e e  S e c t i o n  I I I , D , 4 ) .  

The r e s u l t s  of wicking l i m i t  c a l c u l a t i o n s  a r e  shown i n  

Table  4 .  For t h e  maximum h e a t  f l u x  c o n d i t i o n  of Heat P i p e  No. 5 t h e  calcu-  

l a t e d  sys tem p r e s s u r e  l o s s e s  a r e  approximately  e q u a l  t o  t h e  maximum a v a i l a b l e  

pumping p r e s s u r e  due t o  c a p i l l a r y  a c t i o n .  These r e s u l t s  t h e r e f o r e  i n d i c a t e  

t h a t  a w i c k i n g ' l i m i t  was encountered i n  t h e  t e s t i n g  of Heat P ipe  No. 5 .  

The wicking l i m i t  c a l c u l a t i o n s  a l s o  i n d i c a t e  t h a t  a  dryout  

c o n d i t i o n  was approached and p o s s i b l y  occurred w i t h  Heat P ipe  No. 7 .  The 

c a l c u l a t e d  p r e s s u r e  drop f o r  t h e  maximum h e a t  f l u x  c o n d i t i o n  i s  about 83% of 

t h e  maximum a v a i l a b l e  pumping p r e s s u r e .  However, t h e  much more r a p i d  tempera- 

t u r e  e x c u r s i o n  and t h e  r a t h e r  l o c a l i z e d  w a l l  burnout  sugges t  t h a t  a  d i f f e r e n t  

l i m i t i n g  mechanism may have been encounte red .  Burnouts of t h i s  t y p e  a r e  

common i n  b o i l i n g  h e a t  t r a n s f e r  t e s t s  and,  t h e r e f o r e ,  i t  seems p o s s i b l e  t h a t  

a  b o i l i n g  l i m i t  was achieved w i t h  Heat P ipe  No. 7 .  T h i s  p o s s i b i l i t y  i s  a l s o  

i n d i c a t e d  by t h e  f a c t  t h a t  t h e  maximum c a l c u l a t e d  superhea t  (500°F) compares 
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w e l l  wi th  t h e  p r e d i c t i o n  f o r  i n c i p i e n t  b o i l i n g  superheat  from t h e  Holtz model 

a s  shown i n  F igure  3 .  (The p red i c t i on  depends on hea t  p ipe  temperature and 

t h e  maximum previous system pressure .  The maximum processing temperature  f o r  

Heat P ipes  No. 5 and No. 7 was about 835OC and t h i s  corresponds t o  a  p re s su re  

of 0.62 atm.) However, comparison of t h e  maximum superheat  t o  t h e  Holtz  model 

p r e d i c t i o n  does n o t  appear t o  uniquely c h a r a c t e r i z e  t h e  Heat Pipe No. 7 r e s u l t  

a s  a  b o i l i n g  l i m i t  because t h e  maximum superheat  f o r  Heat Pipe No. 5 a l s o  

compares reasonably w e l l  with t h e  p r e d i c t i o n  (Figure 3 ) .  
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T h i s  s e c t i o n  c o n t a i n s  t h e  p r e l i m i n a r y  des ign  a n a l y s i s  r e s u l t s  which 

a r e  c o n s i d e r e d  t e n t a t i v e  and a r e  s u b j e c t  t o  change based on t h e  r e s u l t s  of 

f u t u r e  work. 

A. CONCEPT FOR THE WORKING MODEL DESIGN 

A sodium/nickel  h e a t  p ipe  t h r u s t  chamber wi th  a  condenser t h a t  

i s  r e g e n e r a t i v e l y  cooled by p r o p e l l a n t s  was chosen a s  t h e  working model d e s i g n  

concep t .  D e t a i l e d  d e s i g n  and f a b r i c a t i o n  a r e  planned as f u t u r e  work. It  i s  

a n t i c i p a t e d  t h a t  t h e  g e n e r a l  c o n f i g u r a t i o n  w i l l  be  s i m i l a r  t o  t h e  f a b r i c a t i o n  

exper iment ,  w i t h  a c y l i n d r i c a l  c o o l i n g  j a c k e t  surrounding an a n n u l a r  h e a t  

p ipe .  The i n t e r n a l  t h r u s t  chamber con tour  i s  shown i n  F igure  49 (Reference:  

JPL Drawing 10022109),  and t h e  des ign  o p e r a t i n g  c o n d i t i o n s  are summarized i n  

Table  6 .  The d e s i g n  w i l l  i n c o r p o r a t e  an a u x i l i a r y  h e a t e r  f o r  p r e h e a t i n g  t h e  

h e a t  p i p e  t o  i t s  o p e r a t i n g  temperature .  

The f i n a l  e v a p o r a t o r  wick c o n f i g u r a t i o n  h a s  n o t  been chosen; how- 

e v e r ,  a  s i n t e r e d  n i c k e l  powder wick h a s  been recommended by RCA and t h i s  type  

of d e s i g n  w i l l  probably  be u t i l i z e d .  It i s  p o s s i b l e  t h a t  t h e  h e a t  p ipe  d e s i g n  

w i l l  i n c l u d e  a combination of t h i s  wick s t r u c t u r e  and t h e  type  of l i q u i d  

r e t u r n  passages  developed r e c e n t l y  a t  A e r o j e t  on an IR&D t e s t  program. 

B .  BOUNDARY COOLING 

Boundary c o o l i n g  may be  d e s i r a b l e  f o r  reducing t h e  t h r u s t  chamber 

h e a t  f l u x  l e v e l s  and a p p l i c a t i o n  of t h i s  a u x i l i a r y  c o o l i n g  t echn ique  w i l l  be  

c o n s i d e r e d  t o  t h e  e x t e n t  t h a t  performance c o n s i d e r a t i o n s  a l low.  A 92% c* per-  

formance l e v e l  i s  d e s i r e d .  The u t i l i z a t i o n  of boundary c o o l i n g  produces a  

mix ture  r a t i o  d i s t r i b u t i o n  l o s s  (MRDL). Th is  l o s s  was e s t i m a t e d  f o r  t h e  

OF /B H eng ine  and i s  shown i n  F igure  50. The MRDL must be  added t o  t h e  
2  2 6  
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energy r e l e a s e  l o s s  (ERL) a s s o c i a t e d  w i t h  t h e  i n j e c t o r .  A 2% ERI, is b e l i e v e d  

a c h i e v a b l e ;  t h e r e f o r e , t h e  boundary c o o l i n g  c o n d i t i o n s  f o r  6% MRDL l o s s ,  tabu- 

l a t e d  below, a r e  c o n s i d e r e d  t o  r e p r e s e n t  t h e  a l l o w a b l e  boundary c o o l i n g  

c o n d i t i o n s .  

Boundary Coolant 
MR 

Allowable Flow 
Rate .  % of T o t a l  Flow Rate  

1 0  (40% of t h e  f u e l  f low r a t e )  

1 9  

B a r r i e r  c o o l i n g  (boundary c o o l a n t  MR > 0)  i s  c u r r e n t l y  p r e f e r r e d  

o v e r  f u e l  f i l m  c o o l i n g  (boundary MR = 0) f o r  t h e  heat-pipe-cooled t h r u s t  

chamber because  it h a s  been used more f r e q u e n t l y  and more s u c c e s s f u l l y  t h a n  

f i l m  c o o l i n g  i n  OF /B H sys tems.  A disadvan tage  is  t h a t  w a l l  d e p o s i t s  have 
2 2 6  

been observed i n  low MR b a r r i e r  f lows and t h e s e  d e p o s i t s  can produce undes i r -  

a b l e  i n j e c t o r  c h a r a c t e r i s t i c s .  However, w a l l  d e p o s i t s  may a l s o  b e  o b t a i n e d  

w i t h  f u e l  f i l m  c o o l i n g .  Data ob ta ined  i n  p rev ious  l a b o r a t o r y  and h o t  f i r i n g  

t e s t s  (Ref 31) have i n d i c a t e d  t h a t  B2H6 is  an a c c e p t a b l e  f i l m  c o o l a n t  i f  

s u f f i c i e n t  w a l l  coverage i s  main ta ined ,  b u t  t h e  l a b  t e s t s  a l s o  showed t h a t  

decomposit ion o c c u r s  and boron d e p o s i t s  b e g i n  t o  form a t  w a l l  t empera tu res  

g r e a t e r  t h a n  1000°F. Wall t empera tu res  g r e a t e r  t h a n  1000°F a r e  expected i n  

t h e  e v a p o r a t o r  s e c t i o n  of a  f i l m  cooled sodium h e a t  p i p e  t h r u s t  chamber. 

C.  GAS SIDE HEAT TRANSFER ANALYSIS 

Local  h e a t  f l u x  v a l u e s  were e s t i m a t e d  f o r  t h e  working model des ign  

t h r u s t  chamber o p e r a t i n g  a t  t h e  fo l lowing  c o n d i t i o n s :  (1)  no b a r r i e r  c o o l i n g ,  

(2)  28% b a r r i e r  c o o l i n g  f low a t  b a r r i e r  MR = 1 . 0 ,  and (3 )  19% b a r r i e r  c o o l i n g  

f low a t  b a r r i e r  MR = 0.5 .  The h e a t  f l u x e s  were c a l c u l a t e d  from t h e  u s u a l  

convec t ion  r e l a t i o n s h i p ,  shown as Equat ion 24 .  
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For t h e  no-bar r i e r -coo l ing  c a s e ,  t h e  a d i a b a t i c  w a l l  t empera tu re ,  

Taw, was assumed e q u a l  t o  98% of t h e  t h e o r e t i c a l  combustion temperature .  

A d i a b a t i c  w a l l  t empera tu re  v a l u e s  w i t h  b a r r i e r  c o o l i n g  were e s t i m a t e d  u s i n g  

t h e  en t ra inment  model f o r  gas  f i l m  c o o l i n g  developed a t  Aero je t  by R.  L ,  Ewen 

(Ref 3 1 ) .  Heat t r a n s f e r  c o e f f i c i e n t s ,  h  were c a l c u l a t e d  from t h e  s i m p l i f i e d  
g  ' 

c o r r e l a t i o n  d e s c r i b e d  i n  Appendix B.  The modif ied form which accounts  f o r  t h e  

i n c r e a s e d  mass v e l o c i t y  i n  t h e  b a r r i e r  f low s t ream was used f o r  t h e  b a r r i e r  

cooled c a s e s .  The h  and Taw v a l u e s  a r e  shown i n  F igure  51. 
g  

Heat f l u x  d i s t r i b u t i o n s  c a l c u l a t e d  f o r  an 1800°F w a l l  t empera tu re  
2 

a r e  a l s o  shown i n  F igure  51. The maximum h e a t  f l u x e s  a r e  6 . 1  B t u / i n .  s e c  f o r  

no b a r r i e r  c o o l i n g ,  5 .2  ~ t u / i n . ~  s e c  f o r  28% b a r r i e r  c o o l i n g  a t  MR = 1 . 0 ,  and 
Z 

4 . 3  B t u / i n .  s e c  f o r  19% b a r r i e r  c o o l i n g  a t  MR = 0 . 5 .  The i n d i c a t e d  t o t a l  

h e a t  t r a n s f e r  r a t e s  range from 650 Btu / sec  (no b a r r i e r  coo l ing)  t o  430 B t u / s e c  

(0 .5  MR b a r r i e r  c o o l i n g ) .  It was f u r t h e r  e s t i m a t e d  t h a t  maximum h e a t  f l u x  

can b e  decreased  t o  about 3 .7  ~ t u / i n . ~  s e c  ( b u t  no lower) w i t h  0 .5  MR b a r r i e r  

c o o l i n g  by i n c r e a s i n g  t h e  b a r r i e r  f low r a t e  t o  t h e  25-30% range.  However, 

b a r r i e r  f low r a t e s  g r e a t e r  than  19% w i l l  degrade performance below t h e  d e s i r e d  

l e v e l .  

D .  CHOICE OF COOLANT AND INJECTOR TYPE 

The cho ice  of condenser c o o l a n t  and i n j e c t o r  type a r e  i n t e r -  

r e l a t e d  because  t h e  t h r u s t  chamber h e a t  load  i s  s u f f i c i e n t  t o  produce v a p o r i -  

z a t i o n  of t h e  p r o p e l l a n t .  Th i s  i s  demonstrated i n  Table  7  which shows c o o l a n t  

o u t l e t  t empera tu re  and t h e  r e q u i r e d  i n j e c t o r  t y p e  f o r  v a r i o u s  c o o l i n g  c y c l e s  

w i t h  no b a r r i e r  c o o l i n g  and w i t h  0 .5  MR b a r r i e r  coo l ing .  
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The Tab le  7 r e s u l t s  show t h a t  f u e l  c o o l i n g  i s  n o t  f e a s i b l e  i f  

t h e  t h r u s t  chamber i s  n o t  b a r r i e r  cooled because  t h e  905OF o u t l e t  t empera tu re  

is  s u f f i c i e n t l y  h i g h  t h a t  chemical  decomposit ion is  p o s s i b l e .  Oxid ize r  cool-  

i n g  is  f e a s i b l e  b u t  t h e  r e l a t i v e l y  h igh  o u t l e t  t empera tu re  (865OF) t e n d s  t o  

compl ica te  t h e  condenser  d e s i g n  due t o  t h e  s m a l l  t empera tu re  d i f f e r e n c e  from 

h e a t  p i p e  t o  condenser  c o o l a n t  n e a r  t h e  c o o l a n t  o u t l e t .  A g a s l l i q u i d  i n j e c t o r  

i s  r e q u i r e d  i n  t h i s  c a s e .  Condenser c o o l i n g  w i t h  b o t h  p r o p e l l a n t s  i s  pre -  

f e r r e d  f o r  t h e  t h r u s t  chamber w i t h  no b a r r i e r  coo l ing .  Condenser c o o l i n g  

cou ld  be  accomplished w i t h  t h e  t o t a l  f low r a t e s  (210°F o u t l e t  t e m p e r a t u r e ) ,  

o r  a p o r t i o n  of each  f low r a t e  down t o  about 80% (425°F o u t l e t  t empera tu re ) .  

A g a s l g a s  o r  g a s l g a s  + l i q u i d l l i q u i d  i n j e c t o r  would b e  r e q u i r e d .  

For t h e  0 .5  MR b a r r i e r  cooled c a s e ,  t h e  t o t a l  o r  c o r e  o x i d i z e r  

f lows  o r  t h e  t o t a l  f u e l  f low cou ld  b e  u t i l i z e d  a s  c o o l a n t s  and a  g a s l l i q u i d  

i n j e c t o r  would be  r e q u i r e d .  Two phase flow may be d i f f i c u l t  t o  avoid  i f  b o t h  

t h e  t o t a l  o x i d i z e r  and f u e l  f low rates a r e  used f o r  condenser  c o o l i n g .  An 

a c c e p t a b l e  a l t e r n a t e  scheme i s  c o o l i n g  w i t h  t h e  c o r e  o x i d i z e r  and f u e l  f lows 

and u t i l i z i n g  a gas /gas  + l i q u i d l l i q u i d  i n j e c t o r .  

E .  CONDENSER DESIGN 

1. Design Approach 

Coolant s i d e  h e a t  t r a n s f e r  i n  a  c o o l i n g  system where a com- 

p l e t e  change i n  phase  o c c u r s  can b e  q u i t e  complex. The p r o p e l l a n t  cooled 

condenser  of t h e  h e a t  p i p e  t h r u s t  chamber w i l l  o p e r a t e  i n  t h i s  manner, w i t h  

subcooled l i q u i d  e n t e r i n g  a t  t h e  i n l e t  and superhea ted  vapor l e a v i n g  a t  t h e  

o u t l e t .  Th i s  t y p e  of o p e r a t i o n  is  termed t h e  "once-through" problem i n  t h e  

l i t e r a t u r e  (Ref 3 3 ) ,  and some exper imenta l  work h a s  been done i n  t h i s  a r e a  

(Ref 34) .  Three regimes of convec t ive  h e a t  t r a n s f e r  w i l l  be encountered and 
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a  t o t a l  of seven mechanisms a r e  b e l i e v e d  p o s s i b l e .  Fur thermore,  i t  i s  f e l t  

t h a t  t h e s e  mechanisms a r e  i n t e r - r e l a t e d  a s  shown s c h e m a t i c a l l y  i n  F igure  52. 

I n  a p u r e l y  r e g e n e r a t i v e  cooled t h r u s t  chamber w i t h  OF / B  H 
2  2 6  

p r o p e l l a n t s ,  a l l  of t h e  p o s s i b l e  mechanisms should be cons idered  i n  des ign ing  

t h e  c o o l a n t  passage because  t h e  h e a t  f l u x e s  a r e  h i g h  and t h e  l o c a l  c o o l a n t  

s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  t h e  major parameter  c o n t r o l l i n g  l o c a l  w a l l  

t empera tu re .  The c o o l a n t  passage d e s i g n  i n  a  h e a t  p ipe  t h r u s t  chamber i s  n o t  

s o  dependent on l o c a l  c o o l a n t  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  fo l lowing  

reasons  : 

(1)  t h e  w a l l  thermal  r e s i s t a n c e  i n  t h e  h e a t  p i p e  condenser 

t e n d s  t o  be  l a r g e r  i n  p r o p o r t i o n  t o  t h e  t o t a l  c o o l a n t  j a c k e t  

the rmal  r e s i s t a n c e  t h a n  i n  a conven t iona l  r e g e n e r a t i v e l y  cooled 

system. The e f f e c t  of v a r i a t i o n s  i n  c o o l a n t  s i d e  h e a t  t r a n s f e r  

c o e f f i c i e n t  on l o c a l  h e a t  f l u x  a r e  t h e r e f o r e  reduced. 

(2 )  L o c a l l y  e x c e s s i v e  w a l l  t empera tu re  problems cannot  be 

encountered i n  t h e  c o o l i n g  j a c k e t  s i n c e  t h e  maximum p o s s i b l e  

c o o l i n g  j a c k e t  t empera tu re  i s  t h e  h e a t  p i p e  t empera tu re  regard-  

l e s s  of t h e  l o c a l  c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  v a l u e .  

(The h e a t  p i p e  t empera tu re  i s  c o n t r o l l e d  by t h e  o v e r a l l  con- 

d e n s e r  thermal  r e s i s t a n c e  and t h e  c o o l a n t  bu lk  t empera tu re ) .  

(3) The r e l a t i v e l y  low c o o l i n g  j a c k e t  h e a t  f l u x e s  a r e  

conducive t o  t h e  u t i l i z a t i o n  of two-dimensional w a l l  conduct ion 

e f f e c t s .  Through proper  d e s i g n ,  t h e s e  e f f e c t s  can p rov ide  a  

f u r t h e r  r e d u c t i o n  i n  t h e  h e a t  f l u x  t r a n s m i t t e d  t o  t h e  c o o l a n t  

and consequent ly  a lower c o o l a n t  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  

can be accommodated. 
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S ign i f i can t  amounts of l i q u i d  forced convection o r  nuc lea t e  

b o i l i n g  a r e  n o t  expected t o  occur i n  t he  cool ing jacke t  s ince  the  peak 

nuc lea t e  b o i l i n g  hea t  f l u x  of both p rope l l an t s  i s  est imated t o  be r e l a t i v e l y  

low. Therefore,  i t  is  bel ieved t h a t  an adequate cool ing passage design can 

be e s t a b l i s h e d  by assuming t h a t  f i l m  b o i l i n g  occurs i n  t he  l i q u i d  and two 

phase regions.  The coolant  passage design would then be based on f i l m  b o i l i n g  

and gaseous convection hea t  t r a n s f e r  c o e f f i c i e n t s .  

Film b o i l i n g  hea t  t r a n s f e r  c o e f f i c i e n t s  can be est imated from 

one of t h e  c o r r e l a t i o n s  developed f o r  hydrogen (Ref 35) ,  such a s  Equation 25, 

and gaseous convection can be descr ibed wi th  the  more s tandard tu rbu len t  con- 

vec t ion  c o r r e l a t i o n ,  Equation 26. 

where : 

£(XI  = exp(-0.185 - 0.251 I n  x - 0.00767 ( In  x ) ~ )  

2. Design Concept 

Prel iminary design analyses  have been performed f o r  an OF 2 

(o r  FLOX) cooled condenser assuming 19% b a r r i e r  cool ing a t  0.5 MR, These 

analyses  i n d i c a t e  t h a t  mass f luxes  i n  t h e  range of 1-4 l b / s e c  i n . 2  w i l l  be 

requi red  wi th in  the  coolant  channels. This requirement y i e l d s  r e l a t i v e l y  small  
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f low a r e a s ;  t h e r e f o r e ,  h e l i c a l  c o o l a n t  channels  which s p i r a l  around t h e  

condenser  from t h e  a f t  t o  t h e  forward end appear  a p p r o p r i a t e .  However, a 

c o n s t a n t  a r e a  channel  i s  n o t  d e s i r a b l e  because  t h e  mass f l u x e s  r e q u i r e d  t o  

p rov ide  adequa te  c o o l i n g  i n  t h e  l i q u i d  and low q u a l i t y  reg ions  produce exces-  

s i v e l y  h i g h  vapor  v e l o c i t i e s  n e a r  t h e  c o o l i n g  j a c k e t  o u t l e t .  It appears  t h a t  

t h i s  problem can b e  a l l e v i a t e d  by employing a  v a r i a b l e  a r e a  channel  such a s  

t h a t  shown i n  F igure  53. I n  t h i s  p a r t i c u l a r  des ign  t h e  h e l i c a l  c o o l a n t  

channe l  i s  machined i n t o  a copper  r i n g .  A n i c k e l  r i n g  a t t a c h e d  t o  t h e  i n s i d e  

d iamete r  o f  t h e  copper r i n g  p rov ides  t h e  d e s i r e d  w a l l  thermal  r e s i s t a n c e .  

The c o o l a n t  f lows i n  t h r e e  p a r a l l e l  passages  when i t  i s  l i q u i d  and i n  t h e  low 

q u a l i t y  2-phase s t a t e .  The l a n d s  between t h e  channels  a c t  a s  c o o l i n g  f i n s .  

A s  t h e  gaseous  s t a t e  is  approached, t h e  channel  i s  expanded by removing t h e  

two i n n e r  copper l a n d s .  The w a l l  f i n  e f f e c t  i s  reduced b u t  t h i s  i s  compen- 

s a t e d  f o r  by a h i g h e r  c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  (compared t o  t h e  low 

q u a l i t y  r e g i o n )  due t o  t h e  i n c r e a s e d  v e l o c i t y .  

F. COLD START DESIGN CONCEPT 

One of t h e  more s i g n i f i c a n t  problems t o  be faced  i n  d e s i g n i n g  a  

f l i g h t  t y p e  heat-pipe-cooled rocke t  eng ine  i s  t h a t  of s t a r t u p .  I d e a l l y ,  t h e  

eng ine  shou ld  be  a b l e  t o  s t a r t  i n  space wi thou t  r e q u i r i n g  p r e h e a t i n g  o r  some 

s o r t  of p i l o t  b u m  t o  thaw t h e  working f l u i d  and b r i n g  t h e  p ipe  t o  o p e r a t i n g  

t e m p e r a t u r e .  I n  t h i s  s e c t i o n ,  a  h e a t  p i p e  des ign  concept w i l l  be  d i s c u s s e d  

which appears  capab le  of o p e r a t i n g  i n  t h i s  manner. 

For t h e  purposes  of t h i s  d i s c u s s i o n ,  i t  w i l l  be assumed t h a t  t h e  

heat-pipe-cooled r o c k e t  eng ine  c o n s i s t s  of a  sodium/nickel  h e a t  p i p e  chamber 

and n o z z l e  w i t h  a  p rope l lan t -coo led  h e a t  p i p e  condenser.  Furthermore,  it w i l l  

be  assumed t h a t  t h e  h e a t  p i p e  w i l l  be  i n  a f r o z e n  c o n d i t i o n  ( i . e . ,  a t  tempera- 

t u r e s  below t h e  sodium mel t ing  t empera tu re  o f  20B°F) p r i o r  t o  i g n i t i o n .  
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1. F a i l u r e  Modes 

There  e x i s t  two r e a d i l y  i d e n t i f i e d  modes of f a i l u r e  which can 

occur  i n  t h e  r a p i d  s t a r t u p  of a f r o z e n ,  h i g h  f l u x  h e a t  p ipe .  The f i r s t  i s  

e v a p o r a t o r  wick d r y o u t  r e s u l t i n g  from o n l y  p a r t i a l  thawing of t h e  h e a t  p i p e .  

Immediately f o l l o w i n g  i g n i t i o n ,  t h e  i n c i d e n t  h e a t  produces v e r y  r a p i d  m e l t i n g  

and e v a p o r a t i o n  of t h e  sodium i n  t h e  e v a p o r a t o r  wick.  With h igh  f l u x  h e a t  

p i p e s ,  t h i n  e v a p o r a t o r  wicks a r e  r e q u i r e d  and consequent ly  t h e  i n i t i a l  charge 

of sodium i n  t h e  e v a p o r a t o r  wick i s  small and probably  i n s u f f i c i e n t  t o  thaw 

t h e  remainder of t h e  p i p e .  I f  t h e  remainder of t h e  p i p e  s t a y s  f r o z e n ,  no 

sodium is  a b l e  t o  r e t u r n  t o  t h e  evapora to r  t o  r e p l a c e  t h a t  which has  vapor ized  

and t h e  e v a p o r a t o r  o v e r h e a t s  and burns  o u t .  

The second f a i l u r e  mode i s  somewhat more complex and can b e  

encountered w i t h  a f u l l y  thawed h e a t  p i p e .  The problem i s  encountered when 

t h e  h e a t  p i p e  i s  below i t s  o p e r a t i n g  t empera tu re ,  and t h e  low tempera tu re  

l i q u i d  sodium i n  t h e  e v a p o r a t o r  i s  s u b j e c t e d  t o  h i g h  h e a t  f l u x e s .  A s  d i s -  

cussed p r e v i o u s l y ,  h e a t  p i p e  o p e r a t i o n  can b e  l i m i t e d  by s o n i c  vapor f low a t  

low tempera tu res  (see S e c t i o n  I I 1 , D ) .  I n  a d d i t i o n ,  a l i m i t  due t o  e v a p o r a t i o n  

k i n e t i c s  may a l s o  b e  encountered.  The c a l c u l a t i o n s  of R e i s s  and Schretzmann 

i n d i c a t e  t h a t  f o r  sodium t h e  k i n e t i c s  l i m i t  i s  more s e v e r e  than  t h e  s o n i c  

l i m i t  a s  shown i n  F igure  54 (Ref 25) .  

Consequent ly ,  a t  low tempera tu res  i t  i s  p o s s i b l e  f o r  t h e  

i n c i d e n t  h e a t  f l u x  t o  exceed t h e  a b i l i t y  of t h e  wick t o  d i s s i p a t e  i t  by 

e v a p o r a t i o n .  T h i s ,  of  i t s e l f ,  does n o t  r e s u l t  d i r e c t l y  i n  burnou t ,  a s  t h e  

s t o r e d  h e a t  [ ( i n c i d e n t  h e a t )  - (hea t  l e a v i n g  by e v a p o r a t i o n  and conduct ion)  = 

( s t o r e d  h e a t ) ]  goes i n t o  r a i s i n g  t h e  e v a p o r a t o r  t empera tu re  and t h i s  tempera- 

t u r e  w i l l  i n c r e a s e  u n t i l  t h e  p o i n t  i s  reached a t  which t h e  evapora t ion  r a t e  

i s  s u f f i c i e n t  t o  accommodate t h e  incoming h e a t  t r a n s f e r  r a t e .  However, t h e  
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h i g h  f l u x  p a r t  of t h e  evapora to r  can be d r i v e n  t o  a  t empera tu re  above t h a t  of 

t h e  remainder  of t h e  h e a t  p i p e .  A s  a  r e s u l t ,  t h e  s u p e r h e a t  of t h e  sodium i n  

t h e  h o t  p a r t  of t h e  e v a p o r a t o r  can become e x c e s s i v e  and b o i l i n g  and burnou t  

a r e  l i k e l y  t o  occur .  

The des ign  concept  which appears  capab le  of overcoming t h e  

s t a r t u p  problem c o n s i s t s  of a  noncondensible  gas loaded  h e a t  p ipe  wi th  s p e c i a l  

a u x i l i a r y  r a p i d  thawing c a p i l l a r y  s t r u c t u r e s .  A schemat ic  drawing of t h e  con- 

c e p t  i s  shown i n  F igure  55.  T h i s  f i g u r e  shows a  c r o s s  s e c t i o n  of a  heat -pipe-  

cooled r o c k e t  eng ine  c o n t a i n i n g  r a d i a l  condensate  r e t u r n  c a p i l l a r i e s  and an 

i n e r t  gas  r e s e r v o i r .  T h i s  corlcept is in tended  t o  p rov ide  f o r  p r o g r e s s i v e  

thawing of t h e  h e a t  p i p e  under f u l l  thermal  load w h i l e  s imul taneous ly  main- 

t a i n i n g  s u f f i c i e n t  p r e s s u r e  i n  t h e  p i p e  t o  avoid a  f i l m  b o i l i n g  type burnou t .  

Aside from t h e  gas  loading, ,  t h e  f e a t u r e  which makes t h i s  concept f u n c t i o n  i s  

t h e  c a p i l l a r y  s t r u c t u r e  a t t a c h e d  t o  t h e  e x t e r i o r  of t h e  r a d i a l  condensate  

r e t u r n  c a p i l l a r i e s .  T h i s  c a p i l l a r y  s t r u c t u r e ,  which w i l l  be c a l l e d  t h e  s t a r t u p  

r e s e r v o i r ,  h a s  a  g r e a t e r  c a p i l l a r y  d iamete r  than  t h e  e v a p o r a t o r  and h a s  a 

g r a d a t i o n  i n  c a p i l l a r y  s i z e  going from t h e  f r e e  s u r f a c e  down i n t o  t h e  r e s e r v o i r .  

I f ,  f o r  example, t h e  e v a p o r a t o r  wick were t o  c o n s i s t  of two l a y e r s  of 200-mesh 

s c r e e n ,  t h e n  t h e  c a p i l l a r y  on t h e  s i d e  of t h e  r a d i a l  f e e d e r s  might be two 

l a y e r s  of 100-mesh s c r e e n  covered w i t h  a  l a y e r  of 75-mesh s c r e e n .  The s t a r t u p  

r e s e r v o i r  i s  n o t  i n  " c a p i l l a r y  c o n t a c t "  w i t h  t h e  r a d i a l  f e e d e r  c a p i l l a r i e s ;  

t h a t  i s ,  an  impervious  s u r f a c e  s e p a r a t e s  t h e  s t a r t u p  r e s e r v o i r  from t h e  r a d i a l  

f e e d e r  c a p i l l a r i e s .  When t h e  h e a t  p ipe  i s  charged,  s u f f i c i e n t  sodium should  

be  p laced  i n  i t  t o  complete ly  f i l l  t h e  c a p i l l a r y  s t r u c t u r e .  

A t  t h e  t i m e  t h e  r o c k e t  eng ine  is s t a r t e d ,  t h e  e n t i r e  s t a r t u p  

r e s e r v o i r  i s  f i l l e d  w i t h  s o l i d  sodium and t h e  i n s e r t  gas  f i l l s  t h e  vapor f low 

a r e a .  A f t e r  i g n i t i o n ,  t h e  h e a t  coming i n t o  t h e  e v a p o r a t o r  thaws t h e  sodium 

i n  t h e  e v a p o r a t o r  wick and t h e n  beg ins  t o  e v a p o r a t e  i t .  The sodium vapor  
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which i s  genera ted  i s  r e s t r i c t e d  by t h e  i n e r t  gas  from immediately f lowing  

throughout  t h e  e n t i r e  chamber and b e g i n s  condensing on t h e  c o l d  s o l i d  sodium 

i n  t h e  s t a r t u p  r e s e r v o i r  n e x t  t o  t h e  e v a p o r a t o r  wick. The condensing sodium 

w i l l  immediately thaw t h e  s o l i d  sodium, as each u n i t  which condenses w i l l  

thaw approximately  30 t imes  i t s  weight  of s o l i d  sodium. The molten sodium 

now p r e s e n t  i n  t h e  r e s e r v o i r  w i l l  f low t o  t h e  e v a p o r a t o r  because  of t h e  

s m a l l e r  c a p i l l a r y  d iamete r  of t h e  e v a p o r a t o r  wick,  the reby  r e p l e n i s h i n g  t h e  

e v a p o r a t o r .  As t h e  p o r t i o n  of t h e  s t a r t u p  r e s e r v o i r  c l o s e s t  t o  t h e  e v a p o r a t o r  

i s  h e a t e d ,  t h e  e v a p o r a t o r  t empera tu re  w i l l  r i s e ,  t h e  sodium vapor  p r e s s u r e  

w i l l  i n c r e a s e ,  and t h e  sodium vapor  c loud w i l l  expand, pushing back t h e  i n e r t  

g a s  and exposing more of t h e  s o l i d  sodium i n  t h e  r e s e r v o i r  t o  t h e  h o t  sodium 

vapor .  T h i s  p r o c e s s  w i l l  c o n t i n u e  u n t i l  a l l  of t h e  r e s e r v o i r  i s  exposed and 

mel ted .  At t h a t  t i m e ,  t h e  h e a t  p i p e  o p e r a t i n g  t empera tu re  w i l l  r i s e  t o  t h e  

p o i n t  a t  which t h e  noncondensible  g a s  i s  d r i v e n  o u t  o f  t h e  h e a t  p ipe  i n t o  t h e  

g a s  b o t t l e  and t h e  condenser  i s  exposed t o  t h e  sodium vapor .  The q u a n t i t y  of 

sodium a v a i l a b l e  f o r  condensing on and thawing t h e  condenser is  now q u i t e  

l a r g e  and t h e  condenser shou ld  thaw w i t h  no d i f f i c u l t y .  Once t h e  condenser i s  

thawed, t h e  h e a t  p i p e  w i l l  b e  i n  i t s  normal o p e r a t i n g  mode. 

The s i z e  o f  t h e  g a s  r e s e r v o i r  which must be  c a r r i e d  a l o n g  

w i t h  t h e  h e a t  p i p e  is  n o t  v e r y  l a r g e .  I f ,  f o r  example, t h e  h e a t  p i p e  h a s  a 

s t e a d y  s t a t e  o p e r a t i n g  t empera tu re  of 1350°F and i t  i s  d e s i r e d  t o  s t a r t  opera- 

t i o n  ( i . e . ,  have sodium vapor  p r e s s u r e  - i n e r t  g a s  p r e s s u r e )  a t  llOO°F, t h e n  

t h e  g a s  r e s e r v o i r  would r e q u i r e  a volume about 114 t o  115 t h e  vapor volume of 

t h e  h e a t  p i p e .  For  t h e  d e s i g n s  under  c o n s i d e r a t i o n ,  t h i s  would be  approxi-  

mate ly  a 7- in .  d iamete r  s p h e r i c a l ,  ext remely low p r e s s u r e  ( 1  p s i a  maximum 

p r e s s u r e )  gas  b o t t l e .  

It i s  recognized  t h a t  t h e  fo rego ing  d i s c u s s i o n  does n o t  cover  

a l l  t h e  d e t a i l s  of t h e  concep t ,  However, i t  i s  thought t h a t  t h i s  g e n e r a l  

approach can be a p p l i e d  t o  f l i g h t w e i g h t  des igns  t o  y i e l d  a complete ly  p a s s i v e  

h e a t  p i p e  system which may n o t  r e q u i r e  a s p e c i a l  s t a r t  sequence.  
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1. The e x i s t i n g  h e a t  p i p e  technology was reviewed and i t  was found 

t h a t  t h e  l i t e r a t u r e  i s  e x t e n s i v e .  C e r t a i n  o p e r a t i n g  l i m i t s  o f  h e a t  p i p e s  

have been i n v e s t i g a t e d  exper imenta l ly  and a n a l y t i c a l l y ;  however, t h e  evapora to r  

b o i l i n g  l i m i t  h a s  n o t  been w e l l  e s t a b l i s h e d  and r e s e a r c h  i n  t h i s  a r e a  i s  

recommended. 

2. The major  d e s i g n  c o n s i d e r a t i o n s  f o r  heat-pipe-cooled t h r u s t  chamber 

a r e :  (1) cho ice  of working f l u i d  and c o n t a i n e r  m a t e r i a l ,  (2) method of 

condenser  of c o o l i n g ,  (3)  a l l o w a b l e  h e a t  f l u x  l e v e l s ,  ( 4 )  f a b r i c a t i o n  

c a p a b i l i t i e s ,  (5) p h y s i c a l  s i z e  and t o t a l  h e a t  t r a n s f e r  r a t e ,  (6)  s t a r t u p  pro- 

c e d u r e ,  and ( 7 )  a c c e l e r a t i o n  and v i b r a t i o n  e f f e c t s .  

3. The sodium (working f l u i d )  and n i c k e l  ( c o n t a i n e r  m a t e r i a l )  h e a t  

p i p e  sys tem was chosen f o r  t h e  working model OF / B  H t h r u s t  chamber d e s i g n  
2 2 6  

which w i l l  b e  des igned and f a b r i c a t e d  on a f u t u r e  program. The sodium/nickel  

combinat ion has  been u t i l i z e d  e x t e n s i v e l y  i n  t h e  h e a t  p i p e  f i e l d  and n i c k e l  

h a s  been s u c c e s s f u l l y  employed i n  OF 2 / B  2 6  H eng ines .  Li th ium and s i l v e r  a r e  

a l s o  p o t e n t i a l  working f l u i d s  f o r  h e a t  p i p e  t h r u s t  chambers; however, t h e i r  

near- term a p p l i c a t i o n  i s  h i n d e r e d  by a l a c k  o f  demonstrated chemical  

c o m p a t i b i l i t y  between t h e  r e q u i r e d  c o n t a i n e r  m a t e r i a l s  and t h e  p r o p e l l a n t s  

and combustion g a s e s .  

4.  Three d e s i g n  concep t s  f o r  heat-pipe-cooled t h r u s t  chambers were 

e s t a b l i s h e d  which a r e  c h a r a c t e r i z e d  by t h e  fo l lowing  condenser  c o o l i n g  

t echn iques :  r e g e n e r a t i v e  c o o l i n g ,  r a d i a t i o n  c o o l i n g ,  and i n t e r n a l - r e g e n e r a t i v e  

c o o l i n g .  The r e g e n e r a t i v e l y  cooled concept  was found t o  b e  f e a s i b l e  f o r  a 

s o d i u m / n i c k e l h e a t  p i p e  t h r u s t  chamber o p e r a t i n g  w i t h  OF and B H p r o p e l l a n t s  2 2 6 
a t  3.0 mix ture  r a t i o ,  100 p s i a  chamber p r e s s u r e ,  and 1000 l b  t h r u s t .  The 

r e g e n e r a t i v e l y  coo led  concept  was chosen f o r  t h e  working model des ign .  
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5, Evaporator hea t  f l u x  l i m i t s  had no t  been inves t iga t ed  ex tens ive ly  

p r i o r  t o  t h i s  program. A c y l i n d r i c a l  hea t  pipe t e s t  device was designed,  

f a b r i c a t e d ,  and t e s t e d  on t h i s  program and was found t o  be a valuable  t o o l  

f o r  i n v e s t i g a t i n g  evaporator  hea t  f l u x  l i m i t s .  With t h i s  device the  h e a t  f l u x  
2 

c a p a b i l i t y  of sodium hea t  p ipes  was extended t o  5 Btu / in .  s ec .  This r ep re sen t s  

a s i g n i f i c a n t  advancement i n  t h e  s ta te -of - the-ar t  of hea t  p ipes ;  however, more 

t e s t i n g  i s  recommended t o  f u r t h e r  extend t h i s  c a p a b i l i t y  s i n c e  a 6 - 8 Btu/ 

in .*sec  h e a t  f l u x  l i m i t  i s  des i r ab l e  f o r  t h e  working model design.  

6 .  The f e a s i b i l i t y  of f a b r i c a t i n g  heat-pipe-cooled t h r u s t  chambers 

was demonstrated by t h e  f a b r i c a t i o n  of an unoptimized sodium/nickel t h r u s t  

chamber design.  This  " f ab r i ca t ion  experiment" t h r u s t  chamber was processed 

and t e s t e d  and was found t o  func t ion  a s  a h e a t  p ipe .  

7. Addit ional  work i s  a l s o  recommended t o  i n v e s t i g a t e  t r a n s i e n t  hea t  

p ipe  ope ra t ion  and t o  f u r t h e r  eva lua te  r ap id  s t a r t u p  designs and procedures.  
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TABLE 1 

REPORTED HEAT PIPE PERFORMAh'CES 

Working F l u i d  Wick 

N i t r o g e n  Rayon C l o t h  
E t h y l  A l c o h o l  S c r e e n + A r t e r y  
Freon  Woven F i b e r g l a s s  
N a p h t h a l e n e  A1 S c r e e n  
Water  S i n t e r e d  Copper 
Wate r  F i b e r g l a s s  
Water  SS S c r e e n  
Water  SS S c r e e n  
Water  SS S c r e e n  
Water  S i n t e r e d  Copper 
Water  Monel Beads 

H 
Water  ?lone1 Beads 

P, IJat e r  Monel Beads 
5 \ d a t e r  S i n t e r e d  Copper  
I-' 
(D Water  S i n t e r e d  Copper 

Plercury SS S c r e e n  +' C c s j  um Wire S c r e e n  
P o t a s s i u m  S l o t s + T i g h t  S c r e e n  
P o t a s s i u m  S l o t s i L o o s e  S c r e e n  
NaCl ?loly Mesh 

L i F  
Sodium 
Sodium 
Sodium 
Soi!i 11-1 

SocI i i~ :; 

Sodiul:~ 
Sodium 
Sodium 
Sodium 
L i t h i u m  
L i t h i u m  
L i t h i u m  
S i l v e r  

?loly Mesh 
S l o t s  
S l o t s + T i g h t  S c r e e n  
SS S c r e e n  
Sl o t s i 1 5 0  :Screen 
S l o t s + l 0  :.Screen 
\ < i r e  S c r e e n  
SS S c r e e n  
SS S c r e e n  
S l o t s  
?loly Mesh 
\?oven Mesh 
Wire S c r e e n  
Wire S c r e e n  

z, ID, 
I n c h e s  I n c h e s  

3 3  0.69 
47 ~ 1 . 0  

9  0.42 
26 0 .40  

4  1 . 7 5  
4  8  0.187 
1 8  0 .43  
2  3  0.43 
29 .6  0 . 7 2  
1 5  1 . 5  
1 6  1 . 9  
1 6  1 . 9  
1 6  1 . 9  
1 0  -- 

3 . 3  Long 3.8-4.9 
1 0  0 .375  
~ 3 . 5  ~ 0 . 6  
1 2  0.3 
1 2  0 . 3  
1 0  0.74 

A t t i t u d e  
(c f rom H) E n c l o s u r e  Geometry S o u r c e  

H 304 SS Cyl  H a s k i n .  W r i g h t - P a t t .  AFB 
G l a s s  CY 1 K a t z o f f ,  NASA 
G l a s s  CY 1 RCH 

10"  I n c l i n e  A1 Cyl  KCA 
H Cu R e - e n t r a n t  RC A 
H Copper  S e r p e n t i n e  RCH 
H 3 0 4 S S  "Y" RCA 
H 304 SS "Y" RCA 
H S  S  CY 1 LASL 

Copper  Cyl  RCA 
1 2 "  B r a s s  CY 1 Cosgrove ,  N .  C. S t a t e  
30" B r a s s  CY 1 Cosgrove ,  N .  C .  S t a t e  

V B r a s s  CY 1 Cosgrove ,  N .  C. S t a t e  
V e r t i c a l  Copper  A n n u l a r  R CA 
V e r t i c a l  Copper  R e - e n t r a n t  KC,\ 

H 304 SS Cyl  H CA 
Niobium Cyl  B r o s e n s  (IECEC, 1967)  
h ' i c k e l  Cyl  LASL 
S i c k e l  Cyl LASL 

H+V Cond Up Alumina/  C y l , 2 - P i e c e  KC A 
TZPI 

V Cond Up Moly CY 1 KC,4 
N i c k e l  Cyl  LASL 
N i c k e l  Cyl  LASL 

H 304 SS Cyl  LASL 
H ? CY 1 LASL 
H ? CY 1 1-ASL 

V Cond Up ? CY 1 LASL 
V Cond Up H a s t e l l o y  X Cyl  KC.A 

H N i c k e l  R t .  Angle  RCA 
V SS ? CY 1 R e i s s ,  Schre tzmann  
V TZ M A n n u l a r  RCA 
H r loly CY 1 RCA 
V Niobium Cyl  LASL 
H Ta-5IW Cyl  LASL 
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TABLE 2 

Heat P ipe  

No, 1 

No. 2 

No. 3 

No. 4 

No, 5 

No. 6 

No. 7 

EVAPORATOR WICKS TESTED 
(Mater ial  i n  each case  is  Nickel 200) 

Wick Descr ip t ion  

Multi-Layer Screen, 0.042 i n .  t h i ck .  
5 l a y e r s  of 120 x 120 p l a i n  weave mesh 
Layers sp r ing  loaded aga ins t  evaporator  w a l l  
Butt  j o i n t  between evaporator  and l i q u i d  r e t u r n  wicks 

F iber  Metal, 0.040 i n .  t h i c k  
One l aye r  of Huyck Metal Co. FM-1205 
Density - 15%, Wick s i n t e r e d  t o  evaporator  w a l l  

Composite Screen, 0.032 i n .  t h i ck  
2 l a y e r s  of 120 x 120 p l a i n  weave mesh over  
1 l a y e r  of 50 x 50 p l a i n  weave mesh. 
Each l a y e r  spot  welded i n  p lace .  

Screen Covered Channels, 0.038 i n .  t h i ck .  
11 x 11 matr ix  of channels ,  each 0.028 i n .  deep and 
0.042 i n .  wide, covered by 2 l aye r s  of 320 x 320 p l a i n  
weave mesh 
Screen spot  welded t o  channel lands .  

S in te red  Nickel Powder, 0.041 i n .  t h i c k  
100 mesh n i c k e l  powder, 
Density = 15%, wick s i n t e r e d  t o  evaporator  w a l l  
Sleeve j o i n t  between evaporator  and l i q u i d  r e t u r n  wicks 

S in te red  Disk Covered Channels, 0.035 i n .  t h i c k  
64 x 6 mat r ix  of channels ,  each 0.010 i n .  deep and 
0.005 i n .  wide, covered by a 0.025 i n .  t h i c k  
s i n t e r e d  n i cke l  powder d isk .  

S in te red  Nickel Powder, 0.070 i n .  t h i ck  
Same ma te r i a l  a s  Heat Pipe No. 5 
Wick s i n t e r e d  t o  evaporator  wa l l  and l i q u i d  r e t u r n  wick. 

Table 2 



TABLE 3 

DATA STJMMARY FOR SODIUM-NICKEL TESTS 

Power  Input 
T e s t  Tota l  Power  T rans fe r  T e s t  

Calor imetr ic  T8 T2-TI  T3-TI  
No. Power  &/A &/A T2-T3 Posit ion Cornrnenta 

Watts W l c m  BTUl in sec.  Watts Oe 'T OC OC 

T e s t  Device b l  7 870 134 0.82 678 401 124 386 262 V Leaked at lower weld, wick bowed 

8 870 134 0. 82 772 261 V away f r o m  evaporator.  Sinkring 405 124 385 

9 940 145 0. 89 762 144 V to  evapora tor  could help. 462 419 563 

19 940 145 0.89 96 2 476 6 286 280 V 

T e s t  Device %2 48 

49 

50 

51  

52 

1 3  

14 

15 

16 

20 

2 1 

22 

T e s t  Device K3 24 

2 5 

26 

14 

15 

16 

17 

022 

2 4 

2 5 

26 

Leak in lower weld a r e a  *paired. 

Bet ter  Horizontal  p e d o m a n c e  

due to  pool boiling when vertical  

Apparent t he rma l  runaway reached 

Post analysis &owed slight bowing away 
of wick s t ruc tu re  

Evaporator bowed outward 

Ted D d c e  Pos i t i on  - Horizontal  *New heater 
V - V e r t l c a l  



TABLE 3 (cont. ) 

DATA SLJMMARY FOR SODIUM-NICKEL TESTS - 
Power Input 

T e s t  Total  Power Trans fe r  Tes t  
No. Power Q I A  Q I A  Calorimetr ic  T8 T2-T1 T3-T1 T2-T3 Position Commente 

Watts W / c m  BTUl in sec. Watts OC O C  %. "C 

Tes t  Device #4 23 1294 199 1.22 935 843 118 240 -122 V Appeared to be gas  loaded. E v a p r a t o r  

30 826 127 .78 4 19 650 38 44 -6 H bowed severely. 

3 1 1248 192 1. 18 7 92 855 46 8 3 -37 H 

T e s t  Device #5 19 - 
2 1 

2 3 

24 

25 

27 

28 

29 

Thermal runaway reached 

Star t  -up(liquid 10O0C) reached 60% of 
2 

646 w/cm .pulsed i n s a n t  on. 
9 
(D 
"d 
0 
P i  

at 10% m a .  power 6 
0\ 
'5 
-4 

I 
W 

Overlay bowed away from subatrate Tes t  Device #6 8 

9 

11 

12 

X-rays of evaporator confirmed. 

Tes t  Device #7  18 

19 3440 530 3. 25 3134 662 175 251 -76 H 60 Testing completed 

20 3850 593 3.64 3372 662 196 338 -142 H 60 

21 3950 609 3.73 3567 664 196 366 -170 H 60 

22 4568 704 4. 32 3946 663 265 427 -162 H 63 

24 4825 720 4. 42 4165 611 274 439 -165 H 25 Burnout occurred a t  center  

5175 797 4310 608 310 462 -152 H 25 of evaporator 25 4.89 

27 5223 805 4.94 4415 595 345 558 -213 H 15 

*Gas pressure,(mm Hg) 



TABLE 4 

Heat P i p e  
No. Wick Type 

Max. Heat F lux  A P A P 
"ew i w  vap -- A P t o t  A P t o t  

2 Btu / in .  -sec  L i m i t i n g  F a c t o r  "cap 

1 Mul t i - l ayer  Screen 0.89 Mechanical  F a i l u r e  6.45 10.6 0.075 1 7 . 1  0.098" 

2 F i b e r  Metal  3.2 Unexplained High 31.6 38.0 0.97 70.6 0.08* 
Wall Temperatures 

3 Composite Screen  2.26 Unknown 7.22 27.1  0.49 34.8 0.199" 

H 4 Screen  Covered 1.50 Mechanical  F a i l u r e  0.2 14.6 0.14 14.9 0.015" 5 
% Channels o 
P e 
(D rt 
c 5 S i n t e r e d  Nicke l  3.95 Wicking L imi t  1.49 871 1. 0" o\ LO 713 157 

Powder -.i 
B 
H 

6 S i n t e r e d  Powder 1 . 6 1  M e c h a n i c a l F a i l u r e  16.0  63.9 0.25 80.2 0.093" 
Covered Channels 

7 S i n t e r e d  Nicke l  
Powder 

4.94 Wicking L imi t  o r  565 221 29.8 816 0.83%" 
B o i l i n g  L imi t  

(1) APew = Calcu la ted  P r e s s u r e  Drop i n  Evaporator  Wick, 1b / i n .  
2 

f a, 

L 
(2) APlm = Calcu la ted  P r e s s u r e  Drop i n  L iqu id  Return Wick, l b f / i n .  

(3) AP = C a l c u l a t e d  P r e s s u r e  Drop i n  Vapor Phase ,  l b f / i n .  2 
vap 

(4) APtot = T o t a l  P r e s s u r e  Drop, l b f / i n .  
2 

(5) APcap = C a p i l l a r y  Pumping P r e s s u r e ,  l b f / i n .  
2 

* C a l c u l a t i o n s  Based on 800°C P r o p e r t i e s  
* C a l c u l a t i o n s  Based on 600°C P r o p e r t i e s  
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TABLE 5 

MEASURED CHARACTERISTICS OF WICK MATERIALS USED 

1. 120 x 120 Mesh 

Permeabi l i ty  (k) = 

= 

Pumping Pore ( r  ) = 
C 

2. 60 x 60 Mesh 

Permeabi l i ty  (k) = 

Pumping Pore ( r  ) = 
C 

3. 50 x 50 Mesh 

Permeabi l i ty  (k) = 6.47 x cm 2 

= 6 . 9 6 ~ 1 0 - ' f t 2  

Pumping Pore ( rc )  = 0.05802 cm 

= 0.001903 f t  

4. S in t e r ed  Nickel  Powder 

Permeabi l i ty  (k) = 7 . 0 2 7 x 1 0 - ~ c m  2 

= 7.56 x 10"' f t 2  

Pumping Pore ( r  ) = 0.00387 cm 
C 

= 0.000126 f t  

5. Fe l tmeta l  FM1205 

Permeabi l i ty  (k) = 1.268 x lom6 cm 2 

= 1 . 3 5 7 x 1 ~ - 9 f t  2 ,  

Pumping Pore ( r  ) = 0,00379 cm 
C 

= 0.000124 f t  

Table 5 
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TABLE 6 

WORKING MODEL DESIGN OPERATION CONDITIONS 

Engine Mixture  R a t i o  

Chamber P r e s s u r e  

Vacuum T h r u s t  

C o n t r a c t i o n  R a t i o  

Expansion Area R a t i o  

c* E f f i c i e n c y  

T o t a l  Flow Rate  

Fue l  Flow Rate  

Oxid ize r  Flow Rate  

Throat  Diameter 

3.0 O F ~ / B ~ H ~  

100 p s i a  

2.60 i n .  

Table 6 
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TABLE 7 

CONDENSER COOLING CONSIDEUTIONS 

Out l e t  
Barrier Temperature, 
Cool ing Condenser Coolant OF I n j e c t o r  Type 

None Oxidizer  865 Gas1Liqui.d 

Fuel *905 - 

**Oxidizer + Fuel 210 ~ a s / G a s  

**80% (Oxidizer + Fuel) 425 ~ a s / G a s  + Liquid/Liquid 

19% at Oxidizer  
MR = 0.5 

Fue 1 

**Oxidizer + Fuel  *2 Phase - 
Core Oxidizer  465 Gas/Liquid 

Core Fuel *I360 - 

**Core Oxidizer  + Core Fue l  146 Gas/Gas + LiquidILiquid 

* Denotes unacceptable  condi t ion  
** Equal o u t l e t  temperatures  assumed 

Table 7 
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ZW>/My - L 
l A q  old 

Figure  2 
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0 
TEMPERATURE,  2; 

I n c i p i e n t  B o i l i n g  Superheats  f o r  Sodium 

F igure  3 
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EVAPORATOR 

X 
3 
LL 

CONDENSER '& LENGTH 

REGENERATIVELY COOLED CONCEPT 

r f 
CONDENSER 

\ I I - - EVAPORATOR 
I I 

CONDENSER 

RAD I AT l ON COOLED CONCEPT 

LENGTH 

I CONDENSER 

LENGTH 

INTERNAL-REGENERATIVE CONCEPT 

Heat-Pipe-Cooled Thrust  Chamber Concepts 

Figure 4 
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Li'i = 12 
PC = 100 p s i a  
F = 1000 l b f  
(Task I11 Contour)  

3. 

T h r u s t  Chamber C o n f i g u r a t i o n s  

F igure  5 
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Chamber P r e s s u r e ,  p s i a  

F e a s i b i l i t y  Char t  f o r  R e g e n e r a t i v e l y  Cooled Condenser Concept 

F i g u r e  7 
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Chamber Pressure, psia 

Typical Radiation Cooling Analysis Results 

Figure 8 
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10 100 
Chamber P r e s s u r e ,  p s i a  

F e a s i b i l i t y  Char t  f o r  1500°F R a d i a t i o n  Cooled Heat P i p e  
T h r u s t  Chamber 

F i g u r e  9 
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Chamber P r e s s u r e ,  p s i a  

F e a s i b i l i t y  Char t  f o r  2500°F R a d i a t i o n  Cooled Hea t  P i p e  
T h r u s t  Chamber 

F i g u r e  10 
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10 100 

Chamber Pressure ,  p s i a  

F e a s i b i l i t y  Chart  f o r  3500°F Radia t ion  Cooled Heat Pipe 
Thrust  Chamber 

Figure 11 
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Heat Flux t o  B2H6 Film Coolant i n  an  I n t e r n a l  Regenerat ive System 

Figure  12 
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Chamber Pressure, psla  

F e a s i b i l i t y  Chart  f o r  I n t e r n a l - R e g e n e r a t i v e l y  Cooled Condenser Concept 

F igure  13 
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Figure  14 
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F i g u r e  15 



Par t s  f o r  the  Fabricat ion Experiment: Thrust Chamber 
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F igure  17 
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Design Heat Flux D i s t r i b u t i o n  f o r  t h e  Fab r i ca t i on  Experiment 
Thrust  Chamber 

Figure 18 
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Wick F a b r i c a t i o n  Tool ing 

F igure  19 
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Closeup V i e w  o f  Evapora to r  Wick 

F i g u r e  20 
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F i g u r e  21.  T h r u s t  Chamber a f t e r  I n s t a l l a t i o n  o f  Wicks 
and R a d i a l  Flow Passages  

F i g u r e  22. Sodium Loading System 

F i g u r e s  2 1  and 22 



F i g u r e  23 .  Heat P i p e  Thrust Chamber Installed in 
a Vacuum Bell 

Figure  2 4 ,  Mul t i - s t rand  Tungsten R a d i a t i o n  H e a t e r  

F i g u r e s  2 3  and 24 
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Figure  25 
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Figure 26 
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F i g u r e  27 
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E l e c t r o n  Bombardment Heater  

F igure  28 
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T o  Argon G a s  m e s s u r e  System 

Swage Lock Fitting 

Nickel Tubing 

W a t e r  Cooled 

F l u i d  
Mesh Wick  

t o  Shell with 114" Nickel 
Tubing 

I \ Powdered Nickel 
Wick Under  T e s t  

Note: Wick loca t ions  same as sno~h~n on Figure 26.  

175  c m )  

Gas-Loaded C y l i n d r i c a l  Heat  P i p e  T e s t  Device  

F i g u r e  29 



Filament Geometry - Eight Cells, . 396cm spacing, 0. 133cm diameter 
thoriated tungsten 24. 56cm length 

Filament Characteristics - for thoriated wire with 20% W C at 2025OK 
Current = 52. 5 Amperes 2 

Voltage = 6. 10 Volts 

'Y 
Neat Pipe End Disk . (11-11 16") 

28. 2 cm. - 

Filamentary Heater 

Scale 20: 1 

Equipotential Lines 

E l e c t r o s t a t i c  F i e l d  P l o t  of Hea t ing  P a t t e r n  
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T e s t  S e t u p  

F i g u r e  31 
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Figure 32 
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Figure 33. Cross-Section of Heat Pipe No. 1 Evaporator 
Wall and Wick (Post-Test) 

Figure 34. Electron Scan Microscope Photograph of Heat 
Pipe No, 2 Evaporator Wick Material 
(Magnification: 500X) 

Figure 35. Edge View of Heat Pipe No. 3 Evaporator 
Wick 

Figures 33 ,  34 and 35 
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&&aterial: #200 Grade Nickel - . O W  Tke Sheet 

(11) Total Slots in each 

Slot Spacing (. 106) 

(2) Layers of 320 x 320 
mesh Spot Welded to 
Nlckel Ridgrls 
16) Concen1.c.i~ Rines 

Slot Width 
0 6 0 1  - 0468  

-. 000 . 0 2 5  E -. 000 
(Dia. Hole) Slot Depth 

Figure 36. Heat P i p e  No. 4 Evaporator Wick 

Figure 37 .  Evaporator Wick Channels, Heat Pipe No. 4 

Figures 36 and 37 
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Figure 38 .  Electron Scan Microscope Photograph of Sintered 
Nickel Powder Wick Material (Magnification:50X) 

Figure 39, Meat Pipe No. 5 Evaporator Wick (Pre-Test) 

-. 
Figures 38 and 39 
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.010- 

.015 
wide 
.005 
f. 001 
Deep 

section A-A 

. 025 Hole 

Evaporator Wick Channel Design, Heat P ipe  No. 5 

Figure 40 
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F i g u r e  41.  Edge View of  Heat P i p e  No. 6 Evapora to r  Wick 

F i g u r e  42. Evaporator Wall Burnou t ,  Heat P i p e  No. 7 

F i g u r e s  41  and 42 
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T E M P E R A T U R E  D I S T R I B U T I O N  
R A D I U S ,  I N .  T E M P 0 F  T E M P ° C  

4 
(qiA) loca l  - ( T  ) loca l  

- -- 

. CALIBRATION CURVE CALCULATED 

L FROM DATA OBTAINED WITH . 060  IN. 
THICK MOLYBDENUM DISC 

RADIUS, IN. 

Evapora to r  Beat  F lux  D i s t r i b u t i o n  

F igure  43 
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1 

I 

I 

. 07" 
t 0 

. 041' 

. 092 '  

ATED RADIUS 

Two-Dimensional Conduction Network 

Figure 44 
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1 

ALL TEMPERATURES OF 

Ca lcu la ted  Temperature D i s t r i b u t i o n  at Maximum Heat Flux,  
Heat P ipe  No, 7 

Figure 46 
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MAXWUM POSSIBLE 
t ERROR 

2 4 6 HEAT FLUX B T U I I N ~ S E C  

MAXIMUM POSSIBLE 
- ERROR 

A MEASURED T2 

0 - MEASURED T3 

CALCULATED 
--- CALCULATED ASSUMING 

MAX. POSSIBLE oo 
0 

T3 
ERROR / 

T~~ 
= HEAT P I P E  TEMPERATURE = 13 

TW = EVAPORATOR WALL TEMPERATURE 
AT A DEPTH O F  .030  IN. 

Comparison of  Calcu la ted  and Measured Wall Temperatures,  
Heat P ipe  No. 5 

Figure 47 
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A MEASURED T2 0 
0- MEASURED T3 

CALCULATED 

--- - CALCULATED ASSUMING 
MAXIMUM POSSIBLE ERROR 

= HEAT P I P E  TEMPERATURE = 

= EVAPORATOR WALL TEMPER 
Tw A T  A D E P T H  O F  . 0 3 0  IN. 

0 4 

1 1 0 0 ~ ~  

.AT URE 

Comparison of Calculated and Measured Wall Temperatures, 
Heat Pipe No. 7 

Figure 48 



1 v 7.90 I 7.00 (REF) ' 1 

20.00 DIA 
MAX. CLEARANCE 

CHAMBER L ' - 12 INCHES (NOMINAU 

I n t e rna l  Contour f o r  Working Model Design Thrust Chamber 
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Figure  50 



2970 BARRIER COOLING M R  = 1.0 - 

2 I / 19% BARRIER COOLING M R  = 0.5 

NO BOUNDARY COOLING 29qo BARRIER COOLING AT M R  

r (Taw = 6 3 4 0 ' ~ )  

19% BARRIER COOLING 

0 
0 2 4 6 8 10 12 14 16 

AXIAI. DISTANCE, INCHES 

Heat Flux,  Heat Transfer  Coeff ic ien t ,  and Adiabat ic  Wall 
Temperature D i s t r i b u t i o n  

Figure 51 



SUBCOOLED LIQUID 2 -PHASE 
REGIME REGIME 

F O R C E D  rSy z'&yF 
CONVECTION (F. C.  ) -- F. C- 

a 
MECHANISM @ ! I I 

N U C L E A T E  
BOILING (N. B. ) 
M E  C HA NISM 

',,.".-.""...u. 

I F . C .  ) 
IVAPORIZA-  I""-""" 

I 

F I L M  
BOILING (F. B. ) 
MECHANISM 0 

@ POSSIBLE I N L E T  CONDITIONS 

@ DESIRED O U T L E T  CONDITIONS 

, , ,, ,- P o s s i b l e  M e c h a n i s m s  a n d  
T r a n s  i t ions  
D e s i g n  Condi t ions  

Coolant S ide  Heat Transfer  Mechanisms 



Channel Design For 
High Quality and G a s  
Region 

Conceptual Cooling Jacket  Design 
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400 600 800  1000 12 00 1400 
TEMPERATURE, OF 

Sodium Heat Pipe Limits at Low Temperature 

Figure 54 
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S7AR' UP 
RFSE%'VO/R 

Cold S t a r t  Design Concept 

F i g u r e  55 
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HEAT PIPE BIBLIOGRAPHY 
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Th i s  b i b1  iography was prepared as p a r t  o f  Task I and cons i s t s  o f  f i v e  
p a r t s  which a re  descr ibed below. 

P a r t  1: L i t e r a t u r e  pub l i shed  by government agencies, csrpora-  
t i o n s ,  and u n i v e r s i t i e s  o r  co l leges  i n  t he  Un i ted  S ta tes .  

P a r t  2: A r t i c l e s  conta ined i n  t echn i ca l  j ou rna l s ,  p e r i o d i c a l  s  , 
and books . 

P a r t  3: Papers presented a t  t echn i ca l  conferences. 

P a r t  4: Pub l i ca t i ons  i n  f o r e i g n  coun t r i es .  

Pa r t  5: Patents  r e l e v a n t  t o  heat  p ipes.  

Page A1 
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HEAT PIPE BIBLIOGRAPHY 

P a r t  1: AGENCIES/CORPBRATIONS/UNIVERSIT1ES 

AEROJET-GENERAL CORPORATION 

P . Y . Achener and 
lumes I and 11. 

(CA - 69:110579c). 

AEROSPACE CORPORAT ION 
'El Segundo, Cal i f o r n i a  

Determining the  Wicking Proper t ies  o f  a Compressible Mater ia l  f o r  Heat Pipe 
App l ica t ion ,  R. A. Farran and K. E. Starner,  TR-0158 (3240-10)-11, A p r i l  1968. 

ARGONNE NATIONAL LABORATORY 
Argonne, I 1  1 i n o i s  

The P red ic t i on  o f  L i q u i d  Superheats Required f o r  I n i t i a t i o n  o f  Nucleate B o i l  i n g  
i n  L i q u i d  Metals, R. E. Ho l t z ,  ASME Paper 64-NA/HT-31 , 1964. 

E f f e c t  o f  Pressure - Temperature H i s t o r y  Upon I n c i p i e n t  B o i l i n g  Superheats i n  
L i q u i d  Metals, R. E. Hol tz ,  ANL-7184, June 1966 (CA - 67:59'58M). 

, R. E. Ho l tz ,  R. M. Singer, 

BOEING COMPANY 
Huntsvi  11 e, A1 abama 

, M. E. Schlapbach, Report No. D5-13432, February 1968, 

Page A2 
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GENEML ELECTRIC COMPANY 

Memo Report HTC-7, February 1967. 

HITTMWN ASSOCIATES, INC 

M .  B .  Eck, Final Tech. Report No. HIT-269, 
967 ( C ~ n f  . )  have DDC a b s t r a c t ) .  

JET PROPULSION LABORATORY 

, J .  Schwartz, Report 701 -21 , January 1969. 

JOHN HOPKINS UNIVERSITY 
Baltimore, Mary1 and 

, T .  Wyatt, Applied Physics Laboratory, Report 

, Appl i ed 

, Applied Physics Lab 

LAWRENCE RADIATION LABORATORY 
Livermore, Cal i f o r n i a  

, Quar te r ly  Report f o r  April-June 1966, 

, Quarterly Report f o r  October-December 7966, 

, Quar te r ly  Report f o r  January through March 

Quar t e r ly  Report f o r  Ju ly  through September 

Page A3 
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Quar t e r ly  Report for January through 

ti. Cheung, UCRL 50453, 

, J .  H .  Pitts 

G .  A. Carl son, Contract W-7405-ENG-48, Report AEC 
A 21 :34399) - 

R. W .  Werner and 
L 50294, 30 June 1967. 

W .  E .  Loewe, UCRL 7081 6 ,  March 1968. 
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I .  GAS-SIDE HEAT TRANSFER COEFFICIENT 

A ,  GENERAL PROCEDURE 

Heat t r a n s f e r  c o e f f i c i e n t s  were e s t i m a t e d  u s i n g  a  p i p e  flow-type 

c o r r e l a t i o n ,  Equat ion lB ,  which was found t o  y i e l d  adequa te  d e s i g n  p r e d i c t i o n s  

i n  a  r e c e n t  s t u d y  a t  A e r o j e t ,  (Ref. 1B). 

Eq. 1B 

The c o r r e l a t i o n  c o e f f i c i e n t ,  C , v a r i e s  w i t h  c o n t r a c t i o n  r a t i o  and a r e a  r a t i o  
g  

as shown i n  F i g u r e  1B. The gas  p r o p e r t i e s  a r e  e v a l u a t e d  a t  t h e  f r e e s t r e a m  

t e m p e r a t u r e ,  

There  i s  g e n e r a l  agreement i n  t h e  l i t e r a t u r e  t h a t  en tha lpy  i s  a  

more a p p r o p r i a t e  d r i v i n g  p o t e n t i a l  t h a n  t empera tu re  f o r  systems such a s  

OF / B  H where d i s s o c i a t e d  s p e c i e s  a r e  p r e s e n t  because  of recombinat ion i n  t h e  
2 2 6  

boundary l a y e r .  The e x t e n t  of recombinat ion i s  n o t  always known, however, 

and t h e  a p p r o p r i a t e  w a l l  e n t h a l p y  v a l u e  i s  d i f f i c u l t  t o  d e f i n e .  Enthalpy 

based  c a l c u l a t i o n s  a r e  p r e f e r a b l e  i n  t h e  absence of d a t a  because  c o n s e r v a t i v e  

d e s i g n  e s t i m a t e s  a r e  u s u a l l y  ob ta ined .  However, d a t a  o b t a i n e d  f o r  t h e  FLOX/ 

B2H6 sys tem on C o n t r a c t  NAS 7-659 (Ref. 2B) i n d i c a t e  t h a t  t h e  temperature  

p o t e n t i a l  approach d e f i n e d  by Equat ion 1 B  p r e d i c t s  t h e  d a t a  reasonably  w e l l .  

T h i s  can be  s e e n  on F i g u r e  1 B  where i t  i s  shown t h a t  C v a l u e s  i n f e r r e d  from 
g 

test  d a t a  on a 1 .5  c o n t r a c t i o n  r a t i o  chamber agree  w i t h  t h e  des ign  curve  w i t h i n  

about  20%. It i s  b e l i e v e d  t h a t  t h e s e  d a t a  j u s t i f y  t h e  use  of Equat ion 1B f o r  

e s t i m a t i n g  h e a t  f l u x  d i s t r i b u t i o n s  i n  OF / B  H t h r u s t  chambers. 
2 2 6  

B. CONCEPT EVALUATION STUDIES (SECTION IV) 

I n  t h e  concept  e v a l u a t i o n  s t u d i e s ,  h e a t  t r a n s f e r  c o e f f i c i e n t s  were 

c a l c u l a t e d  from t h e  rea r ranged  form of Equat ion 1 B  shown a s  Equat ion 2B. 
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I ,  B ,  Concept Evaluat ion S tudies  (cont . )  

Eq. 2B 

The va lues  ca l cu la t ed  from Equation 2 B  were then empir ica l ly  

r e l a t e d  t o  l o c a l  a r e a  r a t i o  wi th  Equations 3B, 4B, and 5B a s  shown i n  

Figure 2B. The f a c t o r  H accounts f o r  t h e  v a r i a t i o n  i n  t r anspor t  p r o p e r t i e s  

wi th  mixture r a t i o  and i s  t abu la t ed  i n  Figure 2B. 

-0.5 Convergent region:  h  = 0.00185 (A/At) (H) Eq. 3B 
g  

-1.17 
Divergent reg ion ,  A/At < 1 5  : h = 0.00185 ( A / A ~ )  (HI Eq. 4B 

g  
-0.9 

Divergent region,  A/At > 15 : h = 0.001 ( A / A ~ )  (H) Eq. 5B 
g  

Values of h  f o r  o t h e r  t h r u s t  and chamber pressure  combinations were obtained 
g  

from Equation 6B, which is  derived assuming tu rbu len t  boundary l a y e r  flow, and 

constant  va lues  of s p e c i f i c  impulse and c h a r a c t e r i s t i c  ve loc i ty .  Boundary 

l a y e r  r e l amina r i za t ion  e f f e c t s  were neglected.  

Eq. 6B 

where: h '  = h va lues  f o r  100 p s i a  chamber pressure ,  1000 l b  t h r u s t .  
g  g  

Average gas-side h e a t  t r a n s f e r  c o e f f i c i e n t s  were evaluated from the  

d e f i n i t i o n  of an average va lue .  

Eq. 7B 

It was assumed t h a t  an expression f o r  l o c a l  h of t h e  following form was known. 
g  
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I ,  B ,  Concept E v a l u a t i o n  S t u d i e s  ( c o n t . )  

Eq. 8B 

For t h e  c y l i n d r i c a l  r e g i o n  of t h e  combustion chamber, h  was 
22 

assumed c o n s t a n t  and t h e  average  f o r  t h i s  r e g i o n  was t h e r e f o r e  e q u a l  t o  t h e  

c o n s t a n t .  I n  t h e  convergent  and d i v e r g e n t  r e g i o n s  t h e  geometry of a t r u n c a t e d  

cone w a s  assumed and t h e  fo l lowing  e x p r e s s i o n  f o r  average h  i n  t h o s e  r e g i o n s  
g  

( d e r i v e d  from t h e  f o r e g o i n g  e q u a t i o n s )  was u t i l i z e d .  

Eq. 9 B  

where:  t h e  s u b s c r i p t s  1 and 2  r e f e r  t o  t h e  minimum and maximum cone r a d i i .  

C. PRELIMINARY DESIGN ANALYSES (SECTION VII)  

I n  t h e  S e c t i o n  V I I  a n a l y s i s ,  Equat ion 2B was modif ied t o  i n c l u d e  

t h e  b a r r i e r  f low mass f l u x  i n  p l a c e  of t h e  o v e r a l l  average.  Equal v e l o c i t i e s  

were assumed. Th is  y i e l d e d  Equat ion LOB. 

C 0. 2c I 

Wt , 3 - 5  ] I.;; ' O n 8  I B 

g 
F + ( 1  - F f ) )  Eq. 10B 

Dc f s  

For a 19% b a r r i e r  f low r a t e  and 0 . 5  i n i t i a l  b a r r i e r  mix ture  r a t i o ,  

Equat ion 10B reduces  t o  Equat ion 1 1 B .  The C and H v a l u e s  v a r y  a long t h e  
g  

n o z z l e  w a l l  as shown i n  F i g u r e s  1 B  and 2B (C = 0.032 a t  t h e  t h r o a t  f o r  1 .56 
g  

c o n t r a c t i o n  r a t i o ) .  

h  = 0.00232 H (A/At) 
g 

Eq. 1 1 B  
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P I .  FILM COOLANT TEEPEiVITUES (SECTION I V  , C) 

For t h e  gas f i lm  cooled region downstream of t h e  l i q u i d  f i lm cooled 

length ,  f i l m  coolant  temperatures f o r  t h e  P = 100 p s i a  chamber p re s su re  and 
C 

1000 l b  t h r u s t  ca se  were ca l cu la t ed  from one of Aero je t ' s  gaseous f i l m  cool ing 
f 

models (Ref. 33).  The model was s imp l i f i ed  by assuming t h a t  t h e  i n t e r n a l  

diameter and t h e  gas-s ide hea t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  combustion chamber 

represent  average va lues  f o r  t h e  e n t i r e  gas f i l m  cooled reg ion ,  and t h a t  the  

v e l o c i t i e s  of t h e  main s t ream and f i l m  coolant  gases  a r e  about t he  same. With 

these  assumptions, t h e  equat ion f o r  approximating T downstream of t he  l i qu id  F 
length  becomes : 

Eq. 12B 

Values of T f o r  o ther  opera t ing  condi t ions  were obtained from t h e  
f 

1000 l b f ,  100 p s i a  r e s u l t s  by cha rac t e r i z ing  t h e  f i l m  coolant  d i s t r i b u t i o n  

along t h e  chamber w a l l  w i th  a re ference  dimension X def ined by Equation 
re f  ' 

Eq. 13B 

Equation 10B was der ived  assuming the  following p r o p o r t i o n a l i t i e s  which 

fol low from t h e  assumption of constant  s p e c i f i c  impulse and c h a r a c t e r i s t i c  

v e l o c i t y .  
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11, Film Coolant Temperatures (cont . )  

Heat t r a n s f e r  c o e f f i c i e n t  va lues  f o r  Equation 9 B  were ca l cu l a t ed  from 

t h e  equat ions shown i n  F igure  2B.  I n  o rde r  t o  s impl i fy  t h e  a n a l y s i s ,  t h e  

mixture r a t i o  v a r i a t i o n  was e l imina ted  by assuming MR = 1.0. The e r r o r s  

in t roduced  by t h i s  s i m p l i f i c a t i o n  tend t o  balance out  when hea t  f l uxes  a r e  

c a l c u l a t e d  because conserva t ive  T va lues  (probably high)  and o p t i m i s t i c  h  f  g  
va lues  (probably low) a r e  obtained.  
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